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Abstract 
In organic solar cells, understanding of interfacial processes and energy losses governing device performance is crucial to the 
development of new organic photovoltaic materials. This thesis reports on spectroscopic studies addressing the conditions for 
interfacial excited-state losses in donor-acceptor organic blends based on polyfluorene copolymers. 
The first chapter of results addresses the process of energy transfer in polyfluorene:fullerene blends. Novel fullerene materials 
based upon multiply substituted C60 and C70 are used in order to modify the energy levels, packing and photophysics in the 
blend. In these blends, a limitation becomes apparent in that an increase in the offset between the donor ionisation potential 
and the acceptor electron affinity (expected to increase the open circuit voltage) is accompanied by a loss in photocurrent and 
the formation of fullerene singlet and triplet states, above a threshold offset of 1.6 electronvolts. Spectroscopic measurements 
support a mechanism of resonant energy transfer from polymer to fullerene as a process leading to significant energy loss. In 
these polymers, the efficiency of hole transfer relative to fullerene intersystem crossing influences charge generation yield. 
The second chapter of results addresses charge transfer („exciplex‟) emission as an important source of information about the 
photophysics of organic-organic interfaces. Blends of emissive polyfluorenes with n-type silole derivatives exhibit charge transfer 
emission from an interfacial state. The decrease in oscillator strength of the exciplex emission with exciplex energy is assigned 
to an increase in charge transfer character, explained either by the presence of electron withdrawing moieties, or an increase in 
solid-state ordering.  
The third results chapter presents a photophysical study of a silicon-bridged polyindenofluorene polymer blended with the 
fullerene PCBM. In this system the lifetime of the polymer triplet displays a dependence upon PCBM content in the film, 
indicating that the polymer triplet dynamics are influenced by interfacial processes.  
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1.1 The potential of photovoltaics 
Alternative energy sources to fossil fuels are urgently needed as the twin challenges of anthropogenic 
climate change and depletion of fossil fuel resources accelerate. Photovoltaic (PV) solar power is a 
promising energy source and although it comprises a fraction of 1% of current global energy 
consumption, its uptake is increasing[1] and so in future it may be one of a number of strategies to 
address the problems of future energy supply. A range of technologies currently exist to convert sunlight 
to electricity, and the current state of the art is shown in Figure 1.1. 
 
Figure 1.1: Chart showing the development of certified solar cell efficiencies from 1975 to October 
2010[2]. Organic solar cells now reach over 8% power conversion efficiency in a 1 cm2 cell. 
1.2 Organic solar cells 
Although solar cells based on silicon are currently the major commercially available technology for 
photovoltaic cells, there are several reasons why alternatives to silicon solar cells are desirable. Cells based 
on crystalline silicon require highly crystalline ingots of pure silicon for high performance. The high 
temperatures and high vacuum environments required to synthesise this raw material result in a relatively 
high cost of production, both in financial and energetic terms. The potential for cheap organic materials, 
processible at low temperatures and in solution, to make photovoltaic devices, is therefore attractive in 
potentially decreasing the unit cost of energy generation. Solar cells based on organic or plastic materials 
also offer the attractive property of mechanical flexibility and the ability to be deposited on novel 
substrates, resulting in a widening of the range of applications of photovoltaic technology. Indeed, 
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products incorporating organic solar cells in unusual applications are already available. At the time of 
writing, the record power conversion efficiency for solar cells with an all-organic active layer is 8.3%; this 
record has been achieved both for a polymer:fullerene blend deposited from solution[3] and for a blend 
consisting of two non-polymeric semiconductors, deposited under vacuum[4]. These results represent 
almost a doubling of efficiency in the past five years and make the future commercial applications of 
organic devices closer to becoming reality. Widespread adoption does however depend on further 
improvements in the performance to cost ratio (the goal is a cost of $1/W), and in the device stability. 
1.2.2 Principles of device operation 
Organic solar cells consist of an active layer containing an electron donating and an electron accepting 
component, at least one of which provides good absorption of visible light. The active layer is 
sandwiched between contacts and a typical architecture is shown in Figure 1.2.  
 
Figure 1.2: Typical solar cell device architecture. The active layer is sandwiched between two 
electrodes; a transparent electrode (typically glass or a flexible plastic substrate coated with a 
transparent conducting oxide, such as indium tin oxide, ITO) and a metal counter electrode. 
The transparent electrode is often further coated with a layer of the doped polymer PEDOT:PSS 
to improve charge injection 
The overall efficiency of the solar cell is determined by three processes; light absorption, charge 
generation and carrier collection, and all three can be modified by changing the organic components, the 
electrodes and the structure of the active layer. Bilayer organic solar cells, often fabricated by vacuum 
deposition, are one strategy for providing good transport to electrodes. However, the charge separation 
efficiency is limited by the small interfacial area. This is a consequence of the short diffusion length of the 
excited state (the exciton) in organic materials[5-7], requiring that a photogenerated exciton must be 
formed close to a donor-acceptor interface to have a chance of separating before it decays to its ground 
state. This limits the thickness of the exciton-generating layer in a bilayer device, and hence the amount of 
light that can be absorbed. 
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Figure 1.3: Excitons formed at a distance from the interface greater than the exciton diffusion 
length (1) decay radiatively before reaching the interface (2). If an exciton is formed close 
enough to the interface (3) it may diffuse to the interface and separate into charge carriers (4) 
In order to overcome the problem of short exciton diffusion lengths, the bulk heterojunction concept has 
been widely adopted. In a bulk heterojunction, the donor and acceptor are mixed together in a common 
solvent and then deposited onto a substrate (by spin-coating or by various printing techniques[8-10]). 
This leads to a film where the donor and acceptor are intermixed, with the degree of intermixing 
depending upon the blend ratio, the surface energies of the two components (which influences the 
relative affinity of each material for the substrate, the air and each other), and post-treatment processes 
including annealing, which may allow the structure to relax to a more thermodynamically stable 
arrangement than the initial morphology frozen in during deposition from solution.  
 
Figure 1.4: Bulk heterojunction blend. To maximize exciton dissociation, the domain sizes 
should be comparable to the exciton diffusion length 
Bulk heterojunction solar cells offer a greater interface area and improved light harvesting relative to 
bilayer structures, by the use of thicker films, but as there is less order in the morphology of the device, 
continuous pathways are harder to produce and efficiency is decreased via surface recombination, „dead 
ends‟ for charges, and shunt losses. Many approaches to this problem have been made; including the 
addition of blocking layers to reduce surface recombination and shunts, blend additives to improve the 
morphology in the spin-coated layer, or the use of block copolymers to produce a desired morphology. 
The improvement of device performance upon annealing in the archetypal P3HT:PCBM blend is well 
established[11-13]; the crystallisation of the P3HT backbone and formation of an interconnected network 
of domains within the PCBM lead to improved charge transport properties. Annealing also improves the 
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charge generation yield in the film[11, 14]. Vertical phase segregation has also been observed upon 
annealing, which improves charge collection at the electrodes[15].  
One of the major areas of research in organic photovoltaics is concerned with understanding the way in 
which chemical structure and morphology influence loss mechanisms within the device and lead to sub-
optimal performance, and thus providing guidance in preparing new, higher-performing devices. The 
subject of this thesis is the various loss mechanisms that exist in model donor-acceptor blend systems 
based on polyfluorene polymers, with the aim of linking these losses with the chemical and electronic 
structure of the molecular materials.  
Chapter 2 presents a survey of the background to this thesis, including the properties of conjugated 
polymers, the device physics of organic photovoltaic devices and the role of electronic excited states in 
solar cells. It also outlines in detail the specific aims of the thesis. Chapter 3 gives an overview of the 
experimental techniques employed in the experimental studies, which are reported in Chapters 4 and 5. 
Chapter 4 concerns a study of polyfluorene copolymers blended with fullerene acceptors, investigating 
losses due to energy transfer. Chapter 5 presents experimental studies of an emissive interfacial state 
produced in blends of polyfluorenes with silole acceptors, while Chapter 6 gives a summary of the key 
findings and presents some suggestions for future research.  
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Overview 
This chapter presents an survey of the theoretical background to the subject of organic semiconductors, 
electronic spectroscopy and solar cells and a review of previous literature relating to the research 
questions addressed in this thesis. A description of the aims of the thesis may be found at the end of the 
chapter.  
2.1 Organic semiconductors 
Semiconducting and conducting polymers were discovered and developed in the latter half of the 
twentieth century and resulted in the award of the 2000 Nobel Prize in Chemistry[16]. They share many 
of the potential applications of inorganic semiconductors, but with the potential advantages of flexibility, 
processibility and colour tuning. There are also several key differences in the properties of organic 
semiconductors and semiconducting polymers, which necessitate a very different approach both to 
understanding their properties and to taking advantage of these in new optoelectronic applications.  
2.1.2  π-bonding 
Many of the important properties of unsaturated molecules in molecular electronic applications arise as a 
result of the presence of π bonds in the molecule. The ground state electronic configuration of a carbon 
atom is 1s22s22p2, with only the valence 2s and 2p electrons participating in bonding. The energy 
separation of the 2s and 2p orbitals is sufficiently small that mixing between the orbitals can occur, with 
„promotion‟ of electrons to higher energy states. This mixing is known as hybridisation and leads to 
different forms of bonding. In ethene the 2s orbital mixes with two 2p orbitals to form a set of three sp2 
orbitals which are arranged in a trigonal configuration about the C nucleus to form sigma bonds. The 
remaining p orbital which does not participate in hybridisation lies perpendicular to the trigonal sigma 
bonding plane, with lobes above and below the plane. The in-phase overlap of nodes leads to the 
formation of a π bond, depicted in schematic molecular structure diagrams as a double bond.  
 
  
Figure 2.1: In-phase and out of phase overlap of p orbitals results in bonding and antibonding π 
orbitals, respectively 
2.1.3  Hückel theory of π orbitals 
An approximate treatment of the π electrons in organic molecules can be obtained using Hückel 
molecular orbital theory, which assumes that the σ and π systems can be completely separated. The 
molecular π orbital wavefunctions   are then considered to arise from a linear combination of atomic p 
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orbitals, pi with coefficients ci (Equation 2.1). The pi are orthonormal and form a complete basis set. The 
assumptions in Hückel theory are spelled out in Equations 2.2, 2.3 and 2.4: that is, that only p orbitals on 
neighbouring atoms are coupled by   (Equations 2.2 and 2.3 describe the resonance and Coulomb 
integral respectively) and that overlap integrals are neglected and atomic orbitals normalised (Equation 
2.4). 
        
 
  2.1  
                 2.2  
                                      
             
2.3  
and                 
                                  
2.4  
For two overlapping orbitals p1 and p2 the secular equations, obtained using the Schrödinger equation 
      or by using the variational principle (Appendix 1), gives the form of the coefficients for the 
atomic orbitals and the energies are the solutions of the secular determinant. 
 
 
    




    
2.5  
       2.6  
As the number of atoms in the carbon chain (N) increases the secular determinant becomes larger; for 
linear conjugated chains it is always of the form shown below, with diagonal elements equal to α-E and 




        
        
        
        
        
      
 
 
                       
2.7  
In the general solution the orbital coefficients are given by  
        
   
   
  2.8  
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Where N is the total number of carbon atoms in the chain, s is the atom number (from 1 to N) and k is 
the quantum number identifying the MO (1 to N since the number of MOs is equal to the number of 
atomic p orbitals participating in the π-orbital structure). The exact coefficients are obtained by applying 
the normalisation condition   
   . The orbital energies are then given by  
          
  
   
 2.9  
The cosine function limits the range of the orbital energy to values from α  β, regardless of the value of 
N. This means that as N increases, the energy separation between π orbitals must decrease, and this 
eventually leads to a quasi-continuum of states. The MOs are delocalised over large sections of the 
molecule and these conjugated segments, if they are not completely filled, can support the transport of 
charge via the π and π* orbitals, in a similar way to the valence and conduction bands familiar from 
inorganic semiconductors. Since electrical conduction can only occur in partially filled orbitals or bands, 
conductivity in both inorganic and organic semiconductors requires the promotion of an electron across a 
„band gap‟, which may be driven by the absorption of light (or the removal or addition of charge by 
chemical doping). The state resulting from optical excitation, consisting of an electron and hole in the 
conduction and valence bands respectively, is known as an exciton. As N increases the HOMO-LUMO 
separation decreases and becomes accessible to photons in the visible range, fulfilling a requirement for 
use in organic solar cells.  
We note that in the limit of very large N, Equation 2.9 leads to a closing up of the band gap and would 
predict that very long conjugated polyenes would become metallic. That this does not happen is a result 
of Peierls‟ distortion (see below). 
Hückel MO theory highlights another important property of the π electron system; that of delocalisation. 
If we compare the stabilisation energy, that is the energy relative to α, of the highest occupied molecular 
orbital in butadiene, with the equivalent energy for two isolated ethenes, we see that butadiene has an 
additional stabilisation of  .48β. This is the delocalisation energy which provides further stabilisation to 
the conjugated system.  
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Figure 2.2: Four p atomic orbitals form four π molecular orbitals. The lowest π orbital here is 
delocalised over the entire molecule. The solution of the secular determinant for butadiene is 
given in Appendix 1. 
The molecular orbital picture advanced by the simple treatment of Hückel theory is not an exact 
description, since in real systems the non-nearest neighbour interaction           (i not bonded to j) and 
overlap integral             do not vanish. In the various quantum mechanical methods that are used to 
find more accurate wavefunctions for molecular ground and excited states, extensions must be used. 
Nevertheless, the model of Hückel allows us to understand a number of the properties of unsaturated 
organic molecules and conjugated polymers, including the energy level separation and the lowering of the 
energy by delocalisation and aromaticity (Appendix 1). 
2.1.4 Peierl‟s distortion 
In the simplest treatment of extended polyene systems as described by the secular equations and their 
solutions, the bond lengths are considered to be uniform. In practice, however, an alternation in bond 
lengths occurs to reduce the energy of the system, a result of Peierl‟s theorem which showed that a 
uniform 1D chain may lower its energy by doubling its period. In conjugated polymers, the distortion to 
the chain resulting from an alternation in bond lengths prevents the polymer becoming metallic since it 
results in the opening of a gap in the Fermi level, analogous to the band gap in crystalline 
semiconductors.  
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Figure 2.3: A 1D chain (a) may lower its energy by doubling its period, either through an 
alternation in bond length (b) or by buckling (c) 
2.1.5 Conjugation length 
The conjugation length in polymers describes the spatial extent over which a molecular orbital can be 
considered to be delocalised. It is limited by chain distortions (Peierl‟s distortion, above) and by disorder 
in configuration (cis and trans isomerism), conformation (chain folding), or polydispersity, PDI. A 
polymer sample with PDI>1 will contain a range of molecular weight chains, each possessing a number 
of conjugated segments of different sizes. This has consequences for both the spectroscopic properties of 
the molecules (for example broadening in the absorption spectrum) and their charge transport properties.  
 
Figure 2.4: Schematic representation of the range of conjugation lengths in a conjugated polymer 
2.2 Spectroscopy 
Spectroscopy describes the interaction of light with matter, specifically the transitions between molecular 
eigenstates. The eigenstates of a system are labelled by quantum numbers describing the rotational, 
vibrational, electronic and spin states, and the type of transition produced in a spectroscopy experiment is 
dependent upon the frequency of the incident light. In this thesis we are primarily concerned with 
electronic transitions. 
Chapter 2 – Theory and background 
 
| 33  
 
2.2.2 Transition probabilities and rates 
The transitions between states are obtained by solution of the time-dependent Schrödinger equation for a 
molecule undergoing a small harmonic perturbation. The transition rate      
   
  
, that is, change in 
transition probability as a function of time, is expressed by the Fermi golden rule (Equation 2.10) for 
which a derivation is given in Appendix 2. In this expression the initial and final states i and f are coupled 
by the electric dipole operator    giving rise to the transition dipole matrix element            , while 
     is the electric field vector of the incoming light and       is the density of states to which the 
transition occurs.  
 
     
            
 
 
      
2.10  
             2.11  
The observed intensity of transitions between states („oscillator strength‟) is governed by the transition 
dipole matrix element. If the integral in Equation 2.11 is very small (a consequence of the selection rules, 
for example if the states are of different parity), then     will be very small and the transition is 
„forbidden‟. 
2.2.3 Vibrational and spin selection rules and the Franck Condon principle 
The true wavefunction for a molecule must describe the total state of all the nuclei and electrons in the 
molecule. This leads to an extremely complicated expression. However, we can make use of the Born-
Oppenheimer approximation, which states that the electronic transition is so much faster than the 
movement of the nuclei that the latter can be considered to be stationary during an electronic transition. 
This allows the nuclear and electronic parts of the wavefunction to be separated, resulting in a description 
of the states by a wavefunction which is the product of an electronic part, a vibrational part and a spin 
part (Equation 2.12). Rotational contributions are ignored in this expression.  
                     2.12  
The transition dipole matrix element for the transition, given in bra-ket notation is   
                                                 2.13  
The electric dipole operator acts only upon the electronic state of the molecule. However, the transition 
dipole moment may still be formally zero (and no transition observed) if the vibrational or spin overlap 
integral are zero (see Section 2.2.8 for a discussion of spin). 
Figure 2.5 shows the upper and lower electronic states of a molecule, each containing a manifold of 
vibrational states. From Equation 2.13 we see that for the transition dipole matrix element to be nonzero, 
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the overlap of vibrational states in the upper and lower electronic levels must also be nonzero. The 
Condon approximation (a stricter version of the Born-Oppenheimer approximation) requires the 
electronic transition to be instantaneous with respect to changes in the nuclear coordinates, and so 
transitions must be „vertical‟ on this diagram.  
 
Figure 2.5: Vibronic levels (v=0, 1, 2 etc) of the ground and excited states showing vertical 
transitions as required by the Franck-Condon principle 
The magnitude of the transition dipole matrix element, from Equation 2.13, is proportional to the overlap 
integral between the initial and final vibronic states (and the intensity of the transition is proportional to 
its square). This is known as the Franck-Condon principle, and the quantity              
  is the Franck-
Condon factor. Franck-Condon factors can be estimated (and expressed in terms of the average number 
of vibrational quanta absorbed or emitted during the transition) by approximating the vibrational 
wavefunctions as the solutions to the Schrödinger equation for a harmonic oscillator. If         is the 
change in the nuclear coordinate between the upper and lower electronic states (both in their ground 
vibrational level), we can define a dimensionless quantity Δ as follows 
 
Δ     
   
 
         
2.14  
Where    is the reduced mass of the atoms. Δ is simply the nuclear displacement expressed in units of 
the root-mean-square  zero-point displacement of a harmonic oscillator. The energy associated with such 
a displacement (for a harmonic oscillator) is defined as S, the electron-phonon coupling constant. The 
Franck-Condon factors for transitions from an initial vibronic state i ,n to a final state f, m can then be 
written  
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 2.15  
2.2.4 Absorption and emission 
The absorption and emission spectra in molecules are built up from a series of vibronic transitions as 
described above. As a result of the nuclear displacement between ground and excited states, transitions 
between states with the same vibrational level are weak, and so in absorption the first observed transition 
is normally the 1-0 transition. In emission, the same is observed (Kasha‟s rule states that emission occurs 
from the lowest vibrational state within a given electronic manifold due to internal conversion). As a 
result, the absorption and emission are frequently mirror images of one another. The separation between 
the maxima in absorption and emission arising from the nuclear displacement is known as the Stokes shift 
and is affected by the rigidity of the molecule (and hence        ). Conjugated polymers also 
experience an additional shift between absorption and emission due to the presence of a range of 
conjugated segment lengths with different energies (Figure 2.4). Absorption spectroscopy samples all the 
conjugated segments, while emission occurs from a reduced number of (lower energy) states after 
energetic relaxation by migration between segments. This leads to an apparent Stokes shift, and usually 
results in increased structure being observed in emission than in absorption (Figure 2.6).  
 
Figure 2.6: Normalised absorption and emission spectra of a conjugated polymer, TFMO.  
In semiconducting polymers, the absorption and emission spectra do not tend to be mirror images of 
each other, and the absorption spectra tend to be broader and show less vibrational structure than 
emission spectra. This is a signature of structural changes upon excitation and the presence of a range of 
states on the conjugated chain. Absorption samples the entire range of states on the polymer chain, while 
emission occurs from a smaller range of sites, which are lower in energy, following relaxation through the 
manifold of excited states. In polymers where excited state configurational changes are hindered, the 
absorption and emission spectra resemble each other more closely[17].  
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In the solid state, the vibrational structure in absorption or emission may be used to elucidate details of 
the presence (or lack) of order in the solid state, or the extent to which the excited state is delocalised[18]. 
The quenching of photoluminescence has also been frequently used to probe processes at donor-acceptor 
interfaces in organic photovoltaic blends. 
2.2.5 Photoluminescence quenching 
Quenching is the experimental observation of a reduction in the photoluminescence intensity of a 
material, and may arise by several mechanisms. In general it represents the opening up of nonradiative 
decay pathways including intersystem crossing, charge transfer, internal conversion or energy transfer, by 
a change to the system, which decreases the quantum yield Φ or the lifetime τ  of an emissive excited 
state.  
When a donor and acceptor are blended to make a bulk heterojunction solar cell, the quenching of the 
donor (acceptor) fluorescence by the presence of the acceptor (donor) gives information about the 
interaction between the molecules, and the presence of charge or energy transfer. A high amount of 
fluorescence quenching is generally required for good charge separation yields, although in many cases, 
fluorescence quenching does not offer a quantitative measure of charge separation efficiency. 
2.2.6 Excitons in organic semiconductors 
Excitations in organic semiconductors are described as excitons due to the Coulombic attraction between 
the electron and hole leading to a bound state. This Coulombic attraction, the exciton binding energy, is 
important in a solar cell since it determines the likelihood that the exciton will separate to produce free 
charges. Equation 2.16 expresses the exciton binding energy   in terms of the electronic charge  , the 
electron-hole separation   and the dielectric constant of the medium   (   is the vacuum permittivity). 
   
  
      
 2.16  
In inorganic semiconductors, with typical dielectric constants ε of greater than 10, the binding energy is 
around 0.01 eV. This small binding energy in these excitons, known as Mott-Wannier excitons, means 
that the electron and hole occupy sites far away from each other and result in the spontaneous formation 
of charges at typical operating temperatures (the thermal energy kBT at room temperature is around 0.025 
eV). In organic materials, the low dielectric constant leads to poor screening and the exciton binding 
energies are typically much larger (around 0.3-0.5 eV). The excitons also tend to be relatively localised, in 
contrast to Mott-Wannier excitons which exist across several lattice sites. As a consequence the migration 
of excitons within organic materials occurs by a process of hopping between sites, a process which may 
be downhill in energy, or thermally activated[6]. The mean free path traversed by an exciton within its 
radiative lifetime is known as the exciton diffusion length and is an important parameter in organic solar 
cells since it places a limit on the size of the donor and acceptor domains, as introduced in Chapter 1. 
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Exciton diffusion lengths in organic semiconductors have been measured using a number of techniques 
to be on the order of 5-20 nm[19-21].  
2.2.7 Polarons and Charge transport 
The positive and negative charges in organic materials are strongly coupled to the lattice and therefore are 
better described as positive and negative polarons rather than free holes and electrons[22]. Charge 
transport in organic semiconductors is qualitatively different from that in inorganic semiconductors, and 
also proceeds via a hopping mechanism due to the greater localisation of the electronic states, with charge 
transport probabilities expressed in terms of a transfer integral. Charge mobilities in organic 
semiconductors have traditionally been rather low compared with their inorganic counterparts, although 
polymers with field-effect mobilities over 1 cm2V-1s-1 have been demonstrated[23] (and in single crystals, 
organic mobilities as high as 40 cm2V-1s-1[24] have been reported). 
2.2.8 Spin 
Spin is an important quantum-mechanical property of particles which was predicted by Dirac and 
experimentally confirmed by Stern and Gerlach in 1922. In electronic spectroscopy, the spin of the 
electrons is the type of spin property most often considered (nuclear spin is important in NMR) and is 
quantised in units of ½, since electrons are fermions. Spin has no classical analogue, but can be 
considered to be equivalent to the precession about the z axis of an angular momentum vector of length 
½ħ .  
In a closed-shell electronic configuration (typical of a neutral molecule in its ground state) the important 
spin states are those which may arise from a pair of electrons, namely singlets and triplets. (Figure 2.7). A 
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Figure 2.7: Singlet (a) and triplet (b, c, d) excited states. The spins of the individual electrons are 
shown in blue and the resultant spin vector S is shown in red 
From Equation 2.13 we recall that the electronic transition dipole operator does not interact with spin, 
and that a nonzero transition dipole matrix element requires               to be nonzero, a requirement 
satisfied with Δ    (m is the spin quantum number). The result is that in systems where the selection 
rules are fully obeyed (for example in the absence of significant spin-orbit coupling) only the singlet 
excited state is accessible from a singlet ground state. The alternative when two electrons are present, is 
the triplet state in which the resultant spin S=1. The number of states with a total spin S (the spin 
multiplicity) is equal to 2S+1, and is therefore equal to three for the triplet (Figure 2.7). The triplet state is 
always lower in energy than the corresponding singlet state, due to the requirement that the total 
wavefunction for two fermions is antisymmetric (the total wavefunction itself comprising a spatial and a 
spin part). The singlet state wavefunction is antisymmetric under the exchange of electron labels, and 
therefore must have a symmetric spatial wavefunction, with the opposite being true for the triplet state. 
The antisymmetric spatial wavefunction of the triplet places the electrons further apart on average than 
the symmetric spatial wavefunction of the singlet, and as a consequence the electrons experience a lesser 
mutual repulsion in the triplet and the energy of the state is lower. Conversion between singlet and triplet 
is known as intersystem crossing and is formally forbidden by the spin selection rule. However, the 
coupling of the spin and orbit angular momenta (spin-orbit coupling), particularly pronounced when a 
heavy atom is present, may relax the spin selection rule and lend oscillator strength to singlet-triplet 
transitions. Excited triplet states generated by intersystem crossing, if they are able to decay radiatively, do 
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so weakly and with long radiative lifetimes in a process known as phosphorescence. Phosphorescence in 
most organic semiconductors is normally observed only at low temperatures.  
2.2.9 Triplet states in organic electronics 
Triplet states are usually undesirable in molecular electronics due to their greater reactivity (for example 
with the ground state of molecular oxygen) and their role as an energy loss pathway in LEDs[25], and in 
solar cells, where they can act as a non-injecting trap for excitons[26]. In LEDs, triplet states can lead to 
large losses in efficiency since electrical excitation (formation of excitons by the recombination of injected 
electrons and holes) leads to the statistical population of 75% triplet states on account of the multiplicity 
of the state (although studies in conjugated polymers have suggested that a higher than predicted fraction 
of the excited states in polymer LEDs are singlets, on account of spin-dependent exciton formation[27]). 
Since phosphorescence usually occurs with low quantum yield, spin-orbit coupling (for example by 
including of a heavy metal atom such as iridium) is normally required to improve LED efficiencies[28-29] 
by increasing the yield of emission from the low energy triplet state. In solar cells, the long lifetime of 
triplet states has been suggested by some researchers to provide a means to improve performance by 
extending the lifetime of the excited state [30]. Triplets in organic solar cells are believed to be formed by 
a number of mechanisms, discussed further in Chapter 4.  
2.3 Energy transfer 
Energy transfer is an important process in organic solar cells. The diffusion of excitons to a donor-
acceptor interface is crucial to their operation. Energy transfer studies in solid state systems and in 
conjugated polymers have recently shown several interesting properties of these materials. The role of 
energy transfer as a loss pathway in solar cells is studied further in Chapter 4.  
There are a number of mechanisms by which excitation energy can be transferred between molecules; 
trivial, Dexter and Förster transfer being the models most commonly used. Coherent energy transfer, 
particularly in the regime of strong intermolecular coupling, has also recently been identified in systems 
relevant to organic photovoltaics and is briefly mentioned below. 
2.3.2 Dexter energy transfer 
Dexter energy transfer is a collisional energy transfer mechanism which occurs in the limit of small 
intermolecular separations, where the donor and acceptor orbitals can overlap. It is equivalent to a two-
electron transfer process and the rate     is exponentially dependent upon the intermolecular separation 
  as expected from an electron tunnelling mechanism (   is the sum of the van der Waals radii of the 
donor and acceptor and J is the spectral overlap integral).  
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The two-electron-transfer nature of Dexter energy transfer means that there is no need for spin to be 
conserved; consequently Dexter energy transfer is a framework commonly employed for describing spin-
forbidden energy transfer involving triplet states.  
2.3.3 Förster resonant energy transfer  
Energy transfer involving singlet excitons is usually described using the model of Förster resonant energy 
transfer (FRET) which involves the through-space Coulombic interaction of the donor and acceptor 
transition dipoles, analogous to the resonant coupling of two harmonic oscillators. It can give a great deal 
of information on the structure of molecules and upon their separation. For a single donor and acceptor 
the rate of energy transfer     is given by the Förster equation, which is obtained from perturbation 
theory (see Appendix 3). 
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In these expressions, the Förster radius    is the distance at which the rate of energy transfer is equal to 
the radiative decay rate of the donor in the absence of the acceptor    . Equation 2.19 expresses the 
Förster radius in terms of the quantum yield of the donor emission in the absence of the acceptor   , 
the orientation factor κ2 (which for molecules that can rotate (in solution) may average out to 2/3), the 
dielectric permittivity of the medium  , and the overlap between the donor emission       and acceptor 
absorption      .    is Avogadro‟s number. 
2.3.4 Extensions of Förster theory to nanoscale systems 
The Förster equation is based upon the measurement of donors and acceptors in solution and has been 
found to be inadequate for describing energy transfer in detail for nanostructured solid materials as found 
in organic solar cells. Extensions of the theory to solid-state and nanoscale systems has revealed 
important differences in the process for systems that are of application in organic photovoltaics.  
There are two main reasons for the failure of Förster theory to fully describe energy transfer in nanoscale 
systems. Firstly, the model used by Förster assumes that intermolecular separations are large compared 
with the size of the molecules. As a result, the molecules are approximated as point dipoles, and the 
details of the molecular structure are averaged out. In reality, energy transfer rates in molecular systems 
depend strongly upon both distance and orientation, and in extended or polymeric systems, the molecular 
sizes are typically large compared with the intermolecular separation. Conjugated polymers in particular 
may adopt a rod-like conformation (as a consequence of the planarity of their conjugated segments), 
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presenting a significant deviation from the idealised point-dipole structure. In order to obtain a more 
realistic estimate of energy transfer rates, several approaches are possible. McGehee and coworkers use a 
dipole-slab approximation to more accurately represent a single excited donor at the interface with an 
acceptor domain[31]. Beljonne et al use a distributed monopole approximation which considers the total 
intermolecular coupling as a sum over couplings between different parts of the molecule, taking into 
account their shape[32]. Other studies of molecular aggregates[33] show that the predictions of Förster 
theory in such systems are significantly different to the measured rates, and show that this discrepancy 
can be explained by the fact that resonance energy transfer can be mediated by transitions which are 
optically dark. A study by Wong et al[34] described an approach to calculating resonance energy transfer 
rates on these short length scales, without the point-dipole approximation, using a polyfluorene oligomer 
and tetraphenyl porphyrin (TPP) as the acceptor, and also noted that dark transitions can be involved in 
energy transfer, a conclusion shared by a study of oligo-PPV-fullerene dyads[32].  
The second reason for the failure of Förster theory to correctly describe intermolecular energy transfer 
rates occurs due to the reduced dimensionality of molecular arrangements in the solid state. The RDA-6 
dependence of electron transfer in three dimensions reduces to a RDA-3 dependence in two dimensions, 
and at an interface between domains of two different materials. The effect of this is to increase the 
distance over which Förster transfer can operate, as has been recently shown [35]. 
2.3.5 Coherent energy transfer  
Recent studies have also demonstrated the presence of quantum coherence as a mechanism of energy 
transfer, and coherent transfer has been invoked to explain the highly efficient „funnelling‟ of energy from 
chromophores to the reaction centres in photosynthetic organisms[36]. It has also been observed in 
conjugated polymer[37] and oligomer[18] systems. Briefly, quantum coherent energy transfer occurs when 
the coupling between donor and acceptor is in the strong or intermediate range and the exciton 
experiences some level of delocalisation between sites. The quantum mechanical nature of the states 
allows the exciton to „sample‟ several sites simultaneously and select the site with lowest energy. The 
implication of this for donor:acceptor blends is that the intermolecular coupling strength, and not the 
overlap integral between absorption and emission, may predominate in describing interchromophore 
energy transfer. 
Charge photogeneration in organic solar cells 
The high exciton binding energies in organic materials require an energy input additional to the thermal 
energy in order to separate the exciton into charges. This is the basis for the use of a heterojunction 
between materials with different electron and hole affinities in an organic solar cell; the additional free 
energy difference at the interface provides a driving force to spatially separate the electron and hole.  
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The actual process of charge photogeneration proceeds by a series of steps, with the overall efficiency of 
charge separation a product of the efficiency of the individual steps. Charge separation in organic solar 
cells is represented in Figure 2.8, in terms of energy E versus reaction coordinate q.  
 
Figure 2.8: State description of charge separation in organic solar cells. Light absorption (a) 
promotes the donor or acceptor to an excited singlet state S1. Partial charge transfer (b) occurs to 
an interfacial charge transfer (CT) state which can undergo full dissociation (c) to form 
separated charges (this latter process is shown as downhill but this is not true in general; it may 
be uphill if the CT state has thermalised). A number of undesirable processes are also shown – 
geminate (f, g, h) or bimolecular (e) recombination or intersystem crossing to the triplet state (i). 
2.4.2 Charge dissociation 
The dissociation rate in organic solar cells is often modelled by Onsager-Braun theory. The initial model 
of Onsager gives a description of the geminate recombination of electrons and holes based upon 
Smoluchowski‟s equations for diffusion, leading to a description of the probability that an electron will 
escape its parent cation[38].  In the model, photon absorption generates a hole and a „hot‟ electron with 
excess energy which thermalises to a distance a from the localised hole, this distance being dependent 
upon the amount of energy possessed by the charge pair. Onsager defined the Coulomb capture radius 
(also known as the Onsager radius and denoted by   ) as the distance at which the thermal energy is equal 
to the Coulombic attraction between the electron and hole (Equation 2.20, where   is the temperature, 
   is Boltzmann‟s constant, and   and    are as previously defined).  
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If the thermalisation length a is greater than the Onsager radius   , the charges are considered to be fully 
dissociated, while for values of a lower than   , the escape probability   is determined by the following 
equation, and is linearly dependent on the electric field   [39] (for low field strengths).  
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Onsager theory has been applied to a number of systems, but it cannot fully describe charge separation in 
organic solar cells. The capture radius derived from considering the electric field dependence of charge 
generation using the Onsager model is frequently found to be on the order of several nanometres, which 
is an unrealistic depiction of generation processes in solids, where the intermolecular separations are 
expected to be around 1 nm (much smaller than the Onsager radius, predicting a very small probability of 
charge separation, which is not observed). In 1984 Braun presented a model of photoinduced charge 
separation at organic interfaces[40], by noting that the generated electron hole pair has a finite lifetime, 
and this approach has been successfully applied to organic solar cells[41-42]. In Braun‟s model the escape 
probability is represented as a competition between dissociation and recombination and is directly 
proportional to the lifetime of the CT state. The dissociation of the CT state into free carriers is 
reversible, and may proceed only partially before the CT state is regenerated by recombination. The 
expression for the dissociation rate constant    is therefore modified as follows. 
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In this expression,     is the spatially averaged sum of the electron and hole mobilities (this is distinct 
from the transition dipole matrix element discussed in Section 2.2.2),      is the spatially averaged 
dielectric constant, Δ  is the Coulomb attraction of the initial thermalised ion pair (Δ  
  
4        
 ), and the expansion in square brackets is the approximation of a first-order Bessel 
function, where       8         
   . 
In disordered materials such as are typically used in organic photovoltaics, a range of CT state energies 
may exist, and the expression for the escape probability must be integrated over the range of energies. 
This approach was applied by Mihailetchi et al[41] and showed that for a given mean thermalisation 
radius the charge dissociation probability      is higher when a Gaussian distribution of states is 
considered rather than a single CT state energy. Barth and Bässler also demonstrated increased CT state 
separation with increased energetic disorder at low temperatures[43]. 
2.4.3 Marcus theory of electron transfer 
Onsager-Braun theory and its extensions provide a model of the macroscopic dependence of charge 
separation on external factors. The microscopic process of electron transfer from donor to acceptor 
(whether partial or complete) is commonly described using the Marcus theory of nonadiabatic electron 
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transfer. In this description, the electron transfer reaction is constrained by the Franck-Condon principle, 
and by the principle of conservation of energy. The Franck-Condon principle stipulates that the electron 
transfer must take place with no change in the nuclear coordinates. The reactant and product states will 
typically have different equilibrium geometries, and the conservation of energy requires that the electron 
transfer must occur at the isoenergetic point on the potential energy surfaces of the reactant and product 
states (Figure 2.9). At this point, the energy and nuclear coordinate are identical for the two curves, and 
the system can cross from the reactant curve to the product curve; it therefore represents the energy and 
nuclear coordinate that the reactant state must reach in order for the reaction to proceed.  
a)  b)  
Figure 2.9: Reactant and product potential energy surfaces in  (a) non-adiabatic and (b) 
adiabatic Marcus electron transfer. The isoenergetic point represents the free energy and 
reaction coordinate (qC) that the reactants must achieve for reaction to take place.  
The initial formulation of Marcus theory was classical and considered only activation over the potential 
energy barrier between the reactant ground state and the crossing point ΔG*. Semiclassical Marcus theory 
includes the possibility of tunnelling through the barrier, which depends upon the extent of vibrational 
overlap between the initial and final states. The semiclassical Marcus equation is determined using the 
Fermi golden rule from perturbation theory (Appendix 2). 
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The factor      
  (sometimes called V or J, the transfer integral) represents the electronic coupling 
between the initial and final states (for more information, see Appendix 3). ΔG* is the difference between 
the free energy of the reactant in its ground state and at qc (see Figure 2.9a), and λ is the reorganisation 
energy, that is the energy required to rearrange the molecular bonds in order to reach the reaction 
coordinate qc. Strong electronic coupling (where      
   ) leads to adiabatic electron transfer in 
which the potential energy surfaces split (representing the fact that interaction between the initial and 
final states causes both to change, Figure 2.9b) and energy transfer only occurs on the lower of these 
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resulting potential surfaces. In this regime Equation 2.23 is no longer valid. In typical organic donor-
acceptor systems the coupling is considered to be weak, that is,     
   , and electron transfer is 
nonadiabatic (Figure 2.9a).  
2.4.4 Free energy of charge separation 
The exponent in the equation represents the activation energy for the reaction, and is a function of the 
Gibbs free energy ΔG* and the reorganisation energy λ. The reorganisation energy is defined as the 
energy required to change the configuration of the reactant (including the medium) to that of the product 
with no change in electronic state. The inclusion of the medium in this model means that the 
reorganisation energy comprises two parts; an „inner‟ part which refers to the reactant geometry, and an 
„outer‟ part which describes the surrounding medium.  
Figure 2.10 shows the effect of ΔG upon the electron transfer rate; as ΔG increases, so does the rate of 
electron transfer, up to a maximum value when ΔG = -λ (the normal Marcus region). As ΔG increases 
further, the Marcus inverted region is reached, where the reaction rate decreases with increasing ΔG. This 
prediction was controversial during the early years after Marcus proposed his theory, but has been 
observed experimentally, first in 1986[44]. The Marcus inverted region is known to be important in the 
photoinduced electron transfer occurring in photosynthetic reaction centres; the forward steps are 
activationless, while the reverse steps have high activation energies in the inverted region. 
 
Figure 2.10: Marcus electron transfer rate as a function of ΔG 
In a description of charge generation in solar cells based upon Marcus theory (a one step process, which 
in the scheme shown in Figure 2.8 refers to the formation of the CT state), ΔG is used to denote the 
amount of excess energy in the exciton relative to the charge separated product state; in other words it is 
the driving force for charge separation and is usually empirically determined from the material energy 
levels (by subtracting the offset between the donor HOMO and acceptor LUMO from the singlet energy 
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studies have probed the effect of this empirical ΔG on charge generation; for example Ohkita et al 
identified a clear correlation between ΔG and charge generation yield in polythiophene:PCBM blends[45]. 
They also identified a minimum value of ΔG required for the charge transfer, giving some indication of 
ΔG* itself. In other systems no such dependence upon driving force is observed, for example in blends of 
a perylene diimide with a range of polythiophene polymers[46], and of poly-3-hexylthiophene (P3HT) 
with a range of fullerenes[47].   
2.5 Charge transfer states 
The Onsager-Braun model of dissociation in organic solar cells proposes a central role for charge transfer 
(CT) states in mediating charge transfer, and much recent research in organic photovoltaics has supported 
the general picture of charge photogeneration through an interfacial charge transfer state. A variety of 
names have been used for this state in the literature; a geminate pair, CT state, bound radical pair, polaron 
pair or spatially indirect exciton. The essential characteristic of this state is that it is one in which the hole 
and the electron are associated with the HOMO and LUMO of the donor and acceptor respectively, but 
in which the charges still experience a Coulombic attraction that is larger than kBT.  
 
Figure 2.11: A charge transfer state at an interface between donor and acceptor, in which the hole 
and electron are located on the donor HOMO and acceptor LUMO respectively, but are still 
bound to one another 
CT states have been directly observed by spectroscopic studies and moreover the correlation of 
spectroscopic results with device data allows the effect of CT states on charge generation and open circuit 
voltage to be determined. A review of these observations follows. 
2.5.2 Charge transfer absorption 
Several recent studies have identified sub-gap absorption in organic blend films, assigned to a charge-
transfer complex localised at the interface. Although such charge transfer absorption is usually very weak, 
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its energetic position has been found to correlate well with the open circuit voltage in a large range of 
blends [48-51].  
Charge transfer absorption arises from binding in the ground state and is typically weak in donor-acceptor 
blends; the group of Goris has used the technique of photothermal deflection spectroscopy to measure 
these weak absorption signals[48, 52-54]. Other techniques that have been employed to observe direct 
excitation into the charge transfer state include highly sensitive EQE measurement using Fourier 
transform photocurrent spectroscopy[54-55]. The latter study correlated the decrease in open circuit 
voltage of a cell upon thermal annealing with a red-shift in the CT state absorption, highlighting the 
potential importance of the CT state for charge generation. 
The picture of charge separation by photoinduced electron transfer must be modified to take account of 
direct optical excitation into the charge transfer state. If in the classical picture, charge separation 
proceeds via the transfer of an electron, first partially to form the interfacial CT* state, and then 
completely as this CT state is separated into polarons, in the modified picture, direct excitation of the CT 
state produces CT* directly (bypassing the donor exciton). The observation of direct excitation into the 
CT state to form CT* implies an alternative to the treatment of photoinduced charge separation using 
Marcus theory, and undermines the importance of ΔG in determining charge separation efficiency. 
Moreover, measurements of internal quantum efficiency (absorbed photon-to-charge conversion as a 
function of wavelength) have shown negligible differences between the charge generation efficiency when 
the CTC is directly excited rather than obtained by partial electron transfer from the donor exciton[53]. 
The lack of dependence on excitation energy, except at low temperatures, indicates that the model of hot 
exciton dissociation, with the important role of the excess free energy in driving charge separation, does 
not describe the operation of solar cells under normal operating conditions.  
2.5.3 Charge transfer emission 
In cases where the excited CT state is radiatively coupled to the ground state, charge transfer emission is 
observed. Charge transfer emission is often referred to as exciplex emission, sharing many characteristics 
with the emissive complexes in solution for which that name was originally coined[56]. The term 
„exciplex‟ is strictly used to refer to a state which is emissive, but which is dissociative in the ground state. 
This is not necessarily valid for organic blends, since the presence of ground state CT absorption 
indicates that the CT state may also be stable in the ground state. The term „exciplex‟ is therefore not 
strictly correct in this context, but has gained traction in many areas of the literature[57-60]. Regardless of 
the exact nature of the state and its ground state counterpart, the key characteristics of CT emission are 
the appearance of a broad, featureless emission band red shifted relative to the individual components in 
the blend, with a long radiative lifetime relative to the singlet emission lifetimes of its component parts. 
The red-shift and long lifetime relative to the blend components represent the relative stabilisation of the 
CT state as a result of the Coulombic attraction between the partial positive and negative charges on the 
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donor and acceptor, while the lack of structure in the peak represents the weakly defined vibrational 
states in the CT complex, as a result of the range of intermolecular separations expected in the weakly 
bound complex. The charge-transfer nature of the states involved in exciplex emission has been 
demonstrated by studies on donor-acceptor mixtures in solution, which show that the relative formation 
of the exciplex versus separated charges depends upon the polarity of the solvent medium[61].  
CT state emission has been observed in several organic blend systems that have been studied as 
candidates for LEDs and solar cells[57-60, 62-67], and has assisted in elucidating a number of the features 
of the charge separation reaction in PV devices. As discussed above, the excited CT state or exciplex may 
be formed by overlap of the excited state donor wavefunction with the acceptor, or by direct optical 
excitation of the ground state CT complex. In LEDs the formation of the exciplex results instead from 
the direct recombination of electron and hole at the interface, which relax to an emissive CT state rather 
than an exciton in either one of the molecules. In some LEDs this process can be harnessed to result in 
emission over larger regions of the spectrum[62, 66, 68], and thermal excitation of the exciplex to an 
exciton on one of the blend components has also been observed[57-58, 69] (an activated process for 
systems with a dependence upon temperature). Investigations of the PFB:F8BT and TFB:F8BT systems 
by the group at Cambridge University using time resolved photoluminescence spectroscopy and 
molecular modelling[70-71] concluded that the excited states formed depend upon the relative 
displacement of the functional groups within the polymers, since the relative amplitude of the HOMO 
and LUMO wavefunctions on different parts of the chain will affect the overlap between them and the 
nature of the resulting interfacial states. Varying the polymer ionisation potential leads to a change in the 
relative energies of the three possible excited states (exciton, exciplex and polaron pair) and changes their 
relative contribution to the total. Modelling of this system by another group showed that the charge 
transfer state (the exciplex) is always lower than the exciton state, and that the relative populations of each 
depend upon the thermal accessibility of the exciton from the exciplex[72]. 
The precise nature of the relationship between CT emission and charge separation has been the subject of 
some debate in the literature. In most cases, CT emission is regarded as a mechanism of energy loss in 
OPV devices. The competition between exciplex emission and charge separation was reported several 
years ago by Yin et al in studies on devices made from blends of PPV derivatives[73]. In these blends, 
there is an anti-correlation between the formation of exciplexes and photovoltaic device performance, 
suggesting that radiative decay is a loss pathway for geminate electron-hole pairs. A more recent paper on 
the same system, however, observed more intense exciplex emission from the most efficient devices [74]. 
They suggest that the exciplex promotes charge separation, either by direct dissociation of the exciplex 
into charges, or by offering a source for regenerating the donor exciton (essentially prolonging the 
lifetime of this state). A simpler explanation for the observations in this paper is merely the fact that the 
absolute yield of CT states in the efficient devices is larger; therefore not only the number of fully 
separated charges, but also the number of emitting CT states, will be increased. The early studies[16, 27-
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29] of the TFB:F8BT and PFB:F8BT systems did not conclusively identify the emitting exciplex state 
with the precursor to separated charges, and suggest instead that the exciplex and the fully charge-
separated state have a common precursor – a geminate pair state that is optically dark [75]. However, 
more recent studies have been more in line with the suggestions of Offermans[59] and Veldman[51] 
among others, that the exciplex state is a direct precursor to separated charges. In the 2008 study[51] by 
Veldman et al, separation of the charge transfer state in a polyfluorene:PCBM blend appears to be driven 
by the electric field at the interface, with the CT lifetime decreasing upon application of a large reverse 
bias to the film. The authors observe that as the domains of PCBM increase in size the CT states are 
more effectively separated and the yield of separated charges is increased. This is due to the higher 
probability of charge carriers escaping from the interface as a consequence of the high mobility within 
PCBM clusters, and hence a reduction in electron-hole recombination. The concept of the local mobilities 
as an important quantity in determining charge separation efficiency has been used by several groups in 
explaining the tendency of large PCBM domains to separate charges effectively. This is also observed in a 
study of polyfluorene:silole blends which is reported in Chapter 5 of this thesis. 
In a recent study of MDMO-PPV:fullerene blends[76], Hallermann et al observed strong charge-transfer 
emission to the red of the fullerene emission, whose intensity was inversely correlated with the device 
short circuit current. The energy of the emission, however, was correlated with the open circuit voltage of 
the device. These observations together provide strong evidence for the crucial involvement of charge-
transfer states in determining the properties of OPV devices.  
2.5.4 Voc and the energy of the CT state 
In solar cells based on inorganic semiconductors, the open circuit voltage (Voc) is primarily determined by 
the electrode work functions, with these selected to form Ohmic contacts with the active semiconductor 
layer. In organic solar cells, by contrast, the electrode work functions present an upper limit to Voc, but 
the voltage is otherwise determined by the energy level offset between the donor HOMO and acceptor 
LUMO levels, as was shown in an influential study on a large range of thiophene:PCBM blends[77] by 
Scharber et al. This HOMO-LUMO offset has also been shown to determine the charge transfer state 
energy. In systems where the charge transfer state can be observed in absorption or emission, the energy 
of the state can be directly obtained, and is related to the measured HOMO and LUMO levels of the 
donor and acceptor (the ionisation potential and electron affinity respectively), with some correction term 
to account for binding energy and solvent effects[78].  
2.5.5 Hole transfer 
In solar cells based on polymer:PCBM blends, most of the light absorption takes place in the polymer, 
which normally has a higher absorption coefficient at visible wavelengths. Charge separation is therefore 
most usually described as an electron transfer reaction from polymer to PCBM. The reverse reaction, hole 
transfer, has received relatively little attention in the literature until recently. Hole transfer requires 
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excitation of the electron acceptor, either by direct optical absorption or by excitation transfer from the 
donor, leading to a two-step energy transfer-charge transfer mechanism. Some studies in covalently linked 
donor-acceptor dyads have identified such a two-step mechanism, and recent studies on P3HT:C60 
bilayers have explored the possible role of energy transfer in two-component organic photovoltaic 
devices[79-80]. This charge photogeneration mechanism may also play a wider role in bulk heterojunction 
solar cells, and is explored in Chapter 4.  
The question of whether charge separation proceeds via electron or hole transfer has important 
implications for the energetics at the interface, for example the Marcus description of charge separation 
and its dependence upon ΔG requires a definition of the process to which ΔG refers. The presence of 
hole transfer in solar cells is implicit in the use of C70 acceptors, which have been adopted due to their 
increased absorption across the visible spectrum. The presence of ultrafast hole transfer in MDMO-
PPV:PCBM films has been recently investigated[81]. Using femtosecond time-resolved photoinduced 
absorption and probing at a wavelength corresponding to the absorption of the positive charge on the 
polymer, the authors resolved the formation of this polaron state into components corresponding to 
direct excitation of the polymer, and to a slower process assigned to hole transfer. The time for hole 
transfer was identified as 30 fs, while a slower 150 fs component was assigned to exciton migration within 
PCBM domains. This hole transfer time is comparable to the time observed for electron transfer. It is 
likely that hole transfer will undergo increased scrutiny as the range of electron acceptors is increased. 
2.6 Blend morphology 
The structure of organic blends, both on the microscopic length scale and the exact structure of the 
interface, is extremely important in determining solar  cell performance and charge generation yields, but 
has proven challenging to control. The ideal structure for a photovoltaic blend in order to maximise 
conversion efficiency is a balance between large and small domains, to maximise both charge generation 
and extraction. 
One of the more basic considerations for blend morphology is to maximise the absorption in the cell, 
that is, to have reasonably (optically) thick films. The bulk heterojunction morphology has been found to 
be an effective way to increase the interfacial area in donor-acceptor blends, allowing the preparation of 
thicker films. The domain sizes are influenced by changes to the solvent and spin coating conditions, or 
by the use of blend additives, for example surfactants, to influence the relative decay rates and surface 
energies, thus influencing the blend microstructure. 
The intimate mixing between donor and acceptor molecules provided by the bulk heterojunction has 
disadvantages. Complete mixing between the components is undesirable for several reasons; in order to 
extract the photogenerated charges, electrical connectivity must be provided for the charges to escape 
recombination. Moreover, the efficiency of the charge separation step is dependent upon having some 
degree of phase segregation. From the Onsager theory of charge separation, the thermalisation length of 
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electron and hole must exceed the Onsager radius of the charges in order to separate them; this implies 
that the domain size must be large enough for the electron to reach a long thermalisation radius without 
encountering another interface. It has been shown in several studies, most commonly on blends of the 
crystalline polymer P3HT with PCBM, that thermal or solvent annealing of the spin-cast blend is a 
necessary step to achieve the optimum performance[11-14], with the resulting morphology found to 
exhibit increased phase segregation and larger domains. This illustrates the importance of phase 
segregation in producing efficient devices. Recent studies have also shown that an effect of annealing is to 
decrease the polymer ionisation potential (as a result of increased polymer crystallinity and the resulting 
increase in delocalisation of the HOMO)[11]. Increased crystallinity may also promote charge separation 
by an increase in the spatial extent of the exciton or in the local charge carrier mobility, and has been 
invoked in several charge photogeneration studies. For example, in the previously mentioned study of 
polyfluorene:fullerene blend films[51], the increased charge separation efficiency in blend with larger 
PCBM domains was ascribed to an increase in the dielectric constant and local carrier mobility, as the 
crystalline domains increased in size. It is clear that the balance between charge separation and phase 
segregation is an important factor to control in reaching high device efficiencies. An interesting insight 
into this has been gained by consideration of the phase diagrams for selected polymer blend systems; in 
P3HT:PCBM the blend composition for optimum device performance is linked to the eutectic point of 
the mixture, resulting in the blend with maximal interfacial area[82] This was correlated both with 
photoluminescence quenching and the yield of photogenerated charges in a subsequent study[83].  
2.7 Basic working principles of a solar cell 
A solar cell is essentially a diode with rectifying behaviour and a photosensitive current source giving rise 
to a current-voltage curve that may be explained using a simple metal-insulator-metal capacitor model. In 
this model, the device is considered to comprise a single intrinsic semiconductor, with the transport level 
for holes and electrons being defined as the HOMO of the donor and the LUMO of the acceptor 
respectively, sandwiched between two materials of different work functions. The asymmetry in the 
injection of electrons and holes gives rise to the device‟s rectifying behaviour in the dark. The band 
profiles for such a device under forward, reverse and zero bias, and at open circuit, are depicted in Figure 
2.12.  
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Figure 2.12: Band profile for a metal-insulator-metal diode. At short circuit (a) no charges are 
injected to the cell and any charges photogenerated by light will drift to the contacts, resulting in 
the short circuit Jsc. At open circuit (b) the bands are flat and no current flows. Under reverse bias 
(c) charges cannot be injected to the device, but any photogenerated charges will flow out of the 
device (it is therefore a photodetector). Under a forward bias greater than Voc (d), injected 
charges can flow in the device. In this operating regime the diode can act as an LED. The 
current density-voltage (J-V) curve of a device under illumination is shown in the centre of the 
figure and the various points relating to a, b, c and d are highlighted. Figure adapted from 
reference [84] 
In an ideal metal-insulator-metal type diode acting as a solar cell, there are two currents flowing; a (by 
convention) positive diode current, arising as a result of injection from the electrodes, with an exponential 
dependence on voltage (and absent under reverse bias due to the barrier heights for injection at the 
electrodes), and a negative generation current       , arising from the separation of excitons into charges 
under illumination. The generation current is dependent only on light intensity, and is therefore constant 
with respect to voltage V. Equation 2.25 describes this behaviour, where e is the unit of electronic charge, 
    is the thermal energy at the temperature T and J0 is the reverse saturation current, obtained from the 
dark current (where        is zero) 
 
            
  
                
2.25  
At open circuit        is zero, which means that the diode current and generation current are equal. It is 
usually assumed that the generation current is equal to Jsc. By rearranging equation 2.23, the open circuit 
voltage Voc may be calculated. 
 
       
  
            
2.26  
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       2.27  
The current-voltage curve of the solar cell is the sum of these two currents. The region in which the 
device acts as a solar cell is shown in Figure 2.12, and the maximum power is extracted at the point where 
the voltage and the current are maximized (Figure 2.13). At open circuit the device stops working as a 
solar cell because the negative generation current and the positive diode current cancel each other out, 
and at high forward bias, photogenerated charges cannot be extracted and the device is dominated by the 
recombination of injected charges (in this region the device may acts as an LED). 
 
Figure 2.13: Dark and light J-V curves showing the maximum power Pm that can be extracted 
from the solar cell at fixed illumination.  
2.7.2 Solar cell parameters 
The usual parameter for comparing solar cells with one another is the overall power conversion efficiency 
η; this defines the maximum power that can be extracted from the device Pm as a fraction of the power of 
the incident light Ps (Pm is shown in Figure 2.13 and Ps is equal to 1000 Wm-2 under standard test 
conditions). This power density is attained at a particular forward bias Vm, as shown in Figure 2.13. 
The power conversion efficiency is frequently expressed in terms of the open circuit voltage and short 
circuit current.  
   
        
  
 2.28  
The quantity FF, the fill factor, represents the maximum power as a fraction of the product of Voc and Jsc; 
this defines the „squareness‟ of the J-V curve and is a measure of non-ideality in the device.  
Another useful quantity for comparing devices is the external quantum efficiency (EQE). This expresses 
the fraction of incident photons that are converted to electrons in the circuit at a given wavelength and is 
a necessary (but not sufficient) condition for good solar cell performance, since integrating the quantum 
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efficiency multiplied by the photon flux over the entire spectrum allows the short circuit current to be 
calculated. 
     
             
                    
 2.29  
The internal quantum effiency IQE is related to the EQE but expresses the current as a fraction of the 
number of photons absorbed by the device.  
2.7.3 Series and shunt resistance 
In practice, solar cells seldom display ideal diode behaviour because power is dissipated through the 
parasitic series and shunt resistances. These are depicted in the equivalent circuit diagram for a solar cell, 
Figure 2.14. 
 
Figure 2.14: Equivalent circuit for a solar cell comprising a current source and a diode, and two 
resistances which represent non-ideality within the device 
The series resistance Rs arises from losses due to resistance within the cell materials and at the contacts. 
In an ideal cell this should be zero. The parallel, or shunt, resistance Rsh is infinite in an ideal cell. Losses 
arise due to lowering of the shunt resistance which represents an alternative pathway for the current 
rather than through the junction. The shape of the J-V curve can give an indication of how Rs and Rsh 
limit performance of a device, since both cause the fill factor to decrease. 
A nonzero series resistance will decrease the slope of the J-V curve close to Voc – it means that the 
current is not increasing with voltage at the ideal rate. A lower than infinite shunt resistance will lead to a 
slope in the J-V curve near short circuit due to leakage. 
2.7.4 Device physics of organic solar cells 
Since organic materials typically experience exciton binding energies larger than kBT, the assumption of 
spontaneous, field-independent charge generation throughout the device, that is the basis of models of 
inorganic device behaviour, is invalid. In organic solar cells, photogeneration can occur only at the 
heterojunction, where an additional driving force resulting from an energy level offset provides the energy 
to overcome the Coulombic binding between electron and hole. Moreover, several recombination 
pathways exist to reduce the internal quantum efficiency in an organic solar cell (Figure 2.8). Direct 
(geminate) recombination of the CT state frequently competes with polaron formation if the charges are 
Chapter 2 – Theory and background 
 
| 55  
 
not able to overcome the Coulombic interaction between them. Geminate recombination can occur to 
give an exciton on either the donor or acceptor, or may result in deactivation to the ground state, in some 
cases with the emission of light. Geminate recombination of charges is expected to follow 
monomolecular kinetics, and is insensitive to the incident light intensity. 
Bimolecular recombination of charges is another mechanism by which the IQE may be reduced; this 
refers to the recombination of an electron and hole which were not generated together. Typically such 
processes are expected to follow three-dimensional Langevin recombination which predicts a reaction 
order of 2 (when the populations of electron and hole are similar). In fact, experimental measurement of 
bimolecular recombination indicate a reaction order between 2 and 4[85]. Recombination is a function of 
morphology and of charge carrier mobility, such that continuous paths (well exceeding the percolation 
threshold[86]) and high charge carrier mobilities in the device enable collection to compete favourably 
with recombination.  
2.8 Excited-state losses in solar cells: research questions to be 
addressed in this thesis 
The preceding pages give an overview of the important processes in organic solar cells and the many 
factors which must be optimized to give good device performance. A fundamental issue in designing 
materials for solar cells is the understanding of the loss processes which may occur in solar cells. This 
thesis addresses the photophysical properties of three different donor:acceptor blend systems, with the 
intention of developing a better understanding of the effects that material parameters, in particular the 
materials‟ energy levels, have on these loss pathways. The aim is to gain understanding in order to assist in 
the development of new materials. 
Chapters 4, 5 and 6 of this thesis address a series of questions related to such loss processes, which can be 
summarised as follows. 
Chapter 4 addresses the formation of triplet states in photovoltaic blends based on polyfluorene polymers 
and novel fullerene acceptors, and the extent to which the blend energy levels influence this pathway. It 
has been suggested in related studies that energy transfer is involved in the formation of triplets in 
polyfluorene:fullerene blends, and in Chapter 4 the role of energy transfer in triplet formation is probed 
using spectroscopic measurements.  
Chapter 5 reports optical studies on a series of blend films exhibiting charge transfer emission, 
investigating the effect that the molecular energy levels and blend morphology have upon the formation 
of emissive charge transfer states, and the efficiency of charge separation. 
Chapter 6 reports a study into a silicon-bridged polyindenofluorene copolymer in which the dynamics of 
the polymer triplet state are strongly affected by blending with PCBM.  
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Overview 
This chapter describes the experimental techniques employed in this thesis: the preparation of samples 
and the optical, optoelectronic and morphological probes used to characterise them.  
3.1 HOMO and LUMO levels 
The HOMO and LUMO energies used in this thesis to characterise the charge separated and charge 
transfer state energies are taken from literature measurements, or measured at Imperial College (though 
not as part of this study). .Siloles (Chapter 5) were measured using cyclic voltammetry (data from Jessica 
Benson-Smith), with an intrinsic error of around 0.05 eV in the HOMO level measured by cyclic 
voltammetry and an additional 0.05 eV based on the onset of absorption (also measured by taking a 
tangent to experimentally measured spectra). The fullerenes‟ LUMO levels (Chapter 4) were measured 
using differential pulse votammetry, which gives a measure for the distribution in LUMO energies from 
the width of the measured peak (between 0.04 and 0.07 eV) [87]. The HOMO and LUMO levels for 
TFB, TFMO and PFB are provided by the supplier, Sumitomo Chemical, and errors in measurement are 
unknown. These are assumed to be up to ±0.05 eV, as they are also derived from cyclic voltammetry.  The 
HOMO levels for the polymers used in Chapter 6 are measured by collaborators in CSIRO, Australia, and 
are also given to an accuracy of  ±0.05 eV 
3.2 Thin-film sample preparation 
Blend films for all spectroscopic studies in this thesis were produced by spin-coating; a commonly used 
technique for depositing polymers, wherein a solution of the polymer or acceptor (or a blend) is placed 
onto a flat substrate and then spun at a high speed, which forces the polymer to spread out across the 
surface into a smooth layer. The thickness and drying speed (which both influence morphology) of the 
layer may be altered by changing many parameters; the solvent, concentration, volume of solution used, 
spin speed, spin time, acceleration and any heating of the substrate or solution.  
In the majority of the studies reported here, the solvent used is chlorobenzene, the total concentration of 
material in solution is 10mg/ml, and a spinning speed of around 1500rpm was used for 45 seconds. 
Typical films made under these conditions were between 80 and 150nm thick.  
Unless otherwise stated, measurements of the „pristine‟ acceptors were made on films of the acceptor 
blended with polystyrene to prevent crystallisation in the film. Polystyrene was used because it is 
transparent at the wavelengths used to excite the samples (Figure 3.1), ensuring that there is no effect on 
excitation and emission[88]. 
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Figure 3.1: Absorption spectrum of polystyrene, measured in a 30 nm film spin-coated from 
chlorobenzene.  
3.3 Device fabrication 
The photovoltaic devices fabricated for the studies in this thesis are based on a standard sandwich 
configuration (Figure 3.2b), with the active blend layer deposited by spin coating onto an indium tin oxide 
(ITO) coated glass anode (the substrates consist of 12x12 mm glass squares with a strip of ITO 8 mm 
wide). Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS, Baytron P) is deposited by 
spin coating from aqueous solution using a spin rate of 2000 rpm for 60 seconds and annealed at 110 °C 
in a glovebox, resulting in films around 60 nm in thickness. 
The cathode of the solar cell is made of a layer of aluminium, deposited by thermal evaporation through a 
shadow mask to a thickness of 50-70 nm. Six electrodes are applied to each substrate, defining 6 devices, 




Figure 3.2: Cartoon showing (a) the electrode layout of a typical solar cell device fabricated in 
this study and (b) cross sectional view of a single device showing the layers used: indium tin 
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3.4 Degradation 
Degradation of materials and devices is a frequently encountered problem in the experimental study of 
organic solar cells, through mechanisms such as photooxidation, doping, and the incorporation of water 
from the ambient atmosphere[89]. In the development of commercial devices, various encapsulation 
strategies have been adopted. For the experiments reported in this thesis, storage and measurement of the 
devices is made in an inert atmosphere (in a glovebox or in a sample chamber under vacuum) in order to 
reduce the effects of ambient degrading agents. In general, the materials and solutions are handled in air, 
and all the spin coating and substrate cleaning is also performed in air, while the evaporation of device 
electrodes occurs in a N2 filled glovebox.  
The conditions for spectroscopic measurement depend upon the experiment; absorption and emission 
spectra have all been collected in air, while transient absorption spectra are measured in a cuvette which 
may be sealed or connected to a line of flowing nitrogen, allowing the acquisition of data both in an inert 
and an oxygen-rich environment. Time resolved fluorescence upconversion was performed under flowing 
nitrogen on a sample translation stage, because the high laser intensities used were found to degrade the 
materials. 
3.5 Absorption spectroscopy 
Absorption spectroscopy provides useful information about the ground state of a molecule or ensemble 
of molecules. The optical gap may be obtained by measuring the onset wavelength of absorption in the 
UV-visible absorption spectrum. The schematic below depicts the basic components of a 
spectrophotometric absorption measurement.  
 
Figure 3.3: Schematic of absorption spectroscopy experiment. In the systems used in this thesis, 
two lamps are employed as light sources – a deuterium lamp for ultraviolet wavelengths (up to 
360 nm) and a tungsten lamp for visible and NIR wavelengths. Detection employs a 
photomultiplier tube. For film measurements, a bare substrate is used as the reference, while for 
solution measurements a cuvette filled with pure solvent is employed. 
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The spectrophotometer measures the transmitted intensity   of a monochromatic beam of light with 
incident intensity    (this latter quantity is measured as the intensity of the reference beam shown in 
Figure 3.3) and converts this to absorbance assuming no reflection.  
        
 
  
  3.1  
The absorbance can then be used to calculate the concentration of absorber, or the molar extinction 
coefficient    of the absorbing species, if the other quantities in Equation 3.3 ( , the molar concentration 
of absorbing species and  , the path length) are known. 
       3.2  
3.5.2 Absorption spectra of radical cations 
In interpreting the results of transient absorption spectroscopy (see below), it is often useful to measure 
the absorption of the radical cation of the electron donor, equivalent to the polaron produced upon 
electron transfer to the acceptor. In this work, one-electron oxidation of the electron donor is performed 
in solution by the addition of tris-4-bromophenylaminium hexachloroantimonate.  
 
Figure 3.4: Chemical structure of tris-4-bromophenylaminium hexachloroantimonate 
The extinction coefficient of the radical cation in solution can be obtained by plotting cation absorbance 
(corrected for any ground state absorbance at the required wavelength) against the molar concentration of 
oxidant and using Equation 3.3 to calculate   from the slope of the resulting straight line. The use of 
oxidant concentration as a stand in for cation concentration assumes that the oxidation reaction is 
complete; this assumption means that the extracted value for   is a lower bound. In order to maintain the 
validity of this assumption, the polymer must always be kept in excess. A more accurate estimate can be 
obtained by performing a calibration using an organic electron donor whose extinction coefficient is 
known, such as spiro-OMeTAD, as in Chapter 5. It is possible to estimate the polaron yield upon 
transient photoexcitation by obtaining the polaron concentration from the transient absorption 
experiment (where ΔOD is equivalent to A), given the thickness of the sample film, the value of κ 
calculated in solution, and the density of absorbed photons. However, this analysis assumes similar 
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absorption behaviour in a thin film as in a solution, neglecting any changes due to aggregation, or more 
fundamentally due to the differences in the optical behaviour of thin films and in the presence of 
aggregation (where deviations from the Beer-Lambert law are known to occur[90]). We assume that 
electrostatic effects do not significantly change the absorption coefficient in the range of polaron 
concentrations in question (deviations from linearity at high oxidant concentration are neglected and the 
calculation is performed at concentrations before the onset of such deviation). We also assume that the 
total absorption cross section integrals are equal in solution and film[91]. Under this assumption, we find 
it acceptable to use the values obtained in solution in order to make a comparison of polaron yield 
between the polymers studied in this thesis. For absolute values a more careful estimation of these 
parameters must be obtained, for example by using spectroelectrochemistry to study the absorption 
spectrum of a polymer film under electrochemical oxidation.  
Absorption spectra in the UV-vis range are measured using a Jasco V560 UV-Vis spectrophotometer or a 
Shimadzu UV-1601 spectrophotometer. For measurements in the near-infrared, a Perkin-Elmer Lambda-
950 spectrophotometer was used.  
 
Figure 3.5: Chemical structure of spiro-OMeTAD 
3.6 Emission spectroscopy 
Emission spectra are recorded using a photoluminescence spectrofluorimeter. The set up is shown in 
Figure 3.6. Monochromatic light of a specified wavelength is shone onto the sample and the emitted light 
is measured in reflection mode, to maximise the amount of emitted light received by the detector.  
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Figure 3.6: Schematic of photoluminescence measurement. Detection is performed using a 
photomultiplier tube (PMT) 
Steady state emission spectra were recorded using a Fluoromax-3 spectrofluorimeter, exciting at the 
wavelength of maximum polymer absorption.  
3.7 Time-resolved photoluminescence 
Two types of time resolved photoluminescence have been employed to study the PL dynamics of the 
samples; time correlated single photon counting (TCSPC) is able to probe down to times of around 200 
picoseconds. To complement these measurements, ultrafast fluorescence upconversion (with an 
instrument response of approximately 150 fs) was employed. Details are given in reference [92]).  
3.7.2 TCSPC 
Time correlated single photon counting measurements are made in the same geometry as steady state 
emission spectroscopy but this time, the excitation is provided by pulsed light from a monochromatic 
diode laser. The light emitted from the sample is collected by a photomultiplier tube, with each measured 
photon placed in a „channel‟ by arrival time, in order to build up the decay kinetics. Measurements are 
typically performed in the time range 0-50 ns with channels 7 ps in width, although it is possible to extend 
this regime to study delayed processes or longer lifetimes. 
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Figure 3.7: Schematic of time correlated single photon counting. The signal from the reference 
beam triggers the detector to start counting, and stops when the photomultiplier tube (PMT) 
detects an emitted photon from the sample. Constant fraction discriminator, CFD, and time-to-
amplitude converter, TAC, convert the signal to the desired output trace 
The time-correlated single photon counting experiments in this thesis were carried out using a Jobin-
Yvon diode laser (typical full width at half maximum values for the laser wavelengths used are shown in 
Table 3.1), IBH photon detection module and IBH Datastation hub. Decay kinetics were measured at the 
appropriate emission wavelengths, with neutral density filters used where necessary to avoid saturation of 
the photomultiplier tube. Lifetime analysis was performed using IBH Data Analysis software, via a least-
squares fitting procedure which convolutes the instrument response with an exponential decay model 




Table 3.1: Full width at half maximum (FWHM) for the laser diodes used in this thesis 
3.7.3 Ultrafast fluorescence upconversion 
For ultrafast measurements of polymer fluorescence an upconversion technique is employed. This is able 
to probe quenching processes with an instrument response time of around 150 femtoseconds, and an 
effective timestep of around 4 fs. These measurements were performed by Dr A Bruno and Mr L 
Reynolds and full experimental details are given in reference [92]. Briefly, the technique employs a single 
laser excitation source, which is split into two beams; one is frequency-doubled and used to excite the 
sample (the excitation beam), while the other (the gate beam) controls the time delay in the measurement. 
The emission and the gate beams are combined in a non-linear birefringent crystal placed after the 
sample, to produce a sum-frequency photon which is converted to the upconverted fluorescence signal 
after detection using a photomultiplier. Increasing the path length of the gate beam by means of a delay 
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line allows the photons to be resolved in time. Sample degradation was avoided by performing the 
measurements under flowing nitrogen and using a translation stage to move the sample within the beam, 
removing the effect of photobleaching and providing data averaged across the whole of the sample.  
3.8 Transient absorption spectroscopy 
The development of pump-probe spectroscopy (for which the 1967 Nobel Prize in Chemistry was 
awarded[93]) has led to many important discoveries and forms the basis of much experimental work in 
photochemistry. The basis of all pump-probe techniques is the application of a small perturbation to a 
system using a short pulse of light (the pump), and the subsequent monitoring of the spectroscopic 
properties of the sample by the probe, which may itself be pulsed or continuous. The experiments 
reported in this thesis employ a continuous probe light.  
 
Figure 3.8: Energy levels involved in transient absorption spectroscopy. The experiment 
measures a system‟s change in absorbance ΔOD at a probe wavelength λprobe, upon application of 
a short pump pulse at wavelength λpump. 
Transient absorption spectroscopy is used to obtain absorption spectra of excited states and to study their 
rate of decay; it is a valuable complement to time-resolved emission spectroscopy which generally gives 
access to only excited emissive states in the system. Transient absorption spectroscopy measures the 
change in absorbance (ΔOD) or transmission (ΔT) of a sample at a wavelength λprobe, after perturbation by 
a short pump pulse (Figure 3.8). Positive transient signals correspond to the production of new species on 
photoexcitation, while bleaching of ground-state absorption bands indicates depopulation of the ground 
state.  
Transient absorption can probe the formation and decay of excited states over a range of timescales, 
including non-emissive or weakly emissive states such as charges and triplets. Transient absorption 
spectroscopy has provided a number of insights into charge photogeneration processes. In 1992, Sariciftci 
et al showed that electron transfer in a polymer:fullerene blend occurs on extremely short timescales[94], 
and Brabec et al found in 2001 that it may occur in as little as 50fs[95]. Recently, hole transfer on a similar 
timescale has been identified[81]. In combination with transient photovoltage measurements, detailed 
insights into bimolecular recombination in organic solar cells have been obtained[85, 96]. For the system 
used within this report, measurements are performed in the 1 μs-1 s regime and therefore are used to 
detect long lived species such as charges and triplet states.  
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Figure 3.9: Schematic of the transient absorption set-up used in this thesis. The sample is under 
continuous illumination by the probe lamp, and the detector measures changes to absorption of 
this light when the sample is perturbed by the laser. M denotes a monochromator used to select 
the probe wavelength, LP the appropriate long pass filter.  
The setup used in this report is depicted in Figure 3.9. The sample is placed in a continuous probe beam 
supplied by a 100 W tungsten lamp with the wavelength λprobe selected by monochromators before and 
after the sample. The sample then undergoes pulsed illumination by a N2 pumped dye laser and the 
change in absorption caused by the pulse is detected using Si and InGaAs detectors in the 500-1000 nm 
and 1000-1700 nm wavelength range respectively. These are coupled to a Costronics amplifier with high 
and low pass filters), and the voltage recorded by the photodetector is converted to absorption as follows: 
The absorption (optical density) OD is defined as  
       
  
  
 3.3  
Where Ii and It are the incident and transmitted light intensities. The change in absorption, ΔOD, before 
and after laser excitation is given by  
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 3.4  
Transient absorption spectra are built up by collecting the transient decay kinetics over a number of 
wavelengths and calculating the average absorption at a particular time delay for each wavelength. Typical 
transient spectra reported in this thesis are obtained by averaging from 1-2 μs (in Chapter 5 they are taken 
from the amplitude of the decay at 10 µs). The experimental setup used for the experiments reported 
herein amplifies the signal and permits detection to a minimum signal size of around 10-5 OD (at which 
point the signal to noise ratio is at a mimimum, around one third). This high sensitivity is supported by 
the observations of Clarke et al[97], who demonstrate a linear relationship between the transient 
absorption signal ΔOD and short circuit current Jsc, down to transient absorption signal sizes of less than 
10-5OD 
Decay kinetics can be measured over the range 1 µs-1 ms, although for some samples the signal may 
completely decay within 100 µs. Kinetics and spectra are normalised to the amount of light expected to be 
absorbed at the pump laser wavelength according to the Beer-Lambert law (calculated using fraction 
absorbed = 1-10-OD). The energy density per laser pulse (a measure of the pump intensity) is measured 
using a Tektronix energy meter triggered by a Si detector placed at the same distance from the laser beam 
as the sample would be. Care is taken to measure all transient decays at comparable laser intensities, as the 
dependence of the sample response on light intensity may be non-linear and samples can otherwise not 
be compared directly to one another. The intensity is varied using neutral-density filters, which are also 
used in addition to long pass filters to avoid saturating the probe detectors. 
Transient spectra are normally collected under a nitrogen atmosphere; either in a sealed cuvette, or in a 
cuvette under flowing nitrogen (Figure 3.10). The presence of triplets may in some cases be determined 
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by comparing the measurement in nitrogen to a measurement taken in an air or oxygen rich environment; 
reversible triplet quenching is an indicator of a triplet state[98-99] since energy transfer can occur to 
triplet oxygen from materials with a T1-S0 gap larger than oxygen‟s S1-T0 gap (0.98 eV[100]), which is a 
condition fulfilled by most conjugated polymers and fullerenes of interest in photovoltaics[78, 101]. 
 
Figure 3.10: System for maintaining an inert atmosphere for transient absorption measurements. 
Solution measurements (Chapter 6) are performed using an additional solvent source attached to 
the N2 stream prior to the sample, to ensure no evaporation occurs during the measurement. 
3.8.2 Assigning transient absorption signals 
The assignment of transient absorption signals to excited state species normally requires the knowledge of 
both the spectral position and decay kinetics of the signal. Fitting the decay data to a known function 
allows parameters such as the lifetime or power law exponent to be calculated. On the timescale studied 
here, the likely sources of transient absorption signals are triplets and charges; singlet states are expected 
to decay much faster than the time resolution of our system.  
Triplet decay dynamics are typically first-order and are well described by a single exponential. At high 
triplet populations triplet-triplet annihilation may operate and lead to biexponential kinetics. The kinetics 
of charge photogeneration and decay are somewhat more complicated as a result of the range of decay 
pathways available to the charges. A number of studies of charge photogeneration in polymer blend films 
have demonstrated polaron decay to follow a power-law form[102] (Equation 3.18). This form is 
characteristic of recombination limited by detrapping from the exponential tail of the density of 
states[103-104].  
         3.5  
The power-law decay is characterised by the exponent α, which is typically in the region of 0.2 to 1 for 
organic blend films. Alternative types of kinetics may be followed, and many decays consist of 
contributions from multiple species.  
3.8.3 Determination of triplet energy by triplet-triplet energy transfer 
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Triplet energies in a conjugated polymer are obtained by a triplet-triplet energy transfer experiment[78, 
105]. This experiment operates by using a spectroscopic technique such as transient absorption or pulse 
radiolysis to detect the triplet state. By combination of the material with unknown triplet energy with a 
range of triplet sensitisers (materials whose triplet energies are known), the triplet energy of the unknown 
material may be found by observing which sensitiser materials are able to accept triplet energy from (or 
transfer triplet energy to) the material under investigation. In Chapter 6 tetracene is used to define a lower 
bound to the triplet energy, as shown schematically in Figure 3.11 
 
Figure 3.11: Energy schematic of triplet energy transfer experiment. The T-T absorption in 
tetracene is monitored at 480nm[106].  
3.9 Techniques for studying morphology 
3.9.1 AFM 
Surface morphology measurements were chiefly carried out used Atomic Force Microscopy (AFM), to 
probe the surface topography of films. More generally, the technique can be used on a wide range of 
samples, including those in fluid media. The measurement is carried out using a cantilevered probe with a 
sharp tip that is moved over the surface of the sample. A laser shone onto the end of the cantilever is 
detected by a photodiode, and deflections of the cantilever, caused by height variations in the sample, are 
measured by changes to the laser light. 
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Figure 3.12: Components of an atomic force microscope 
The technique can operate in two modes – contact and close contact. In contact mode a cantilevered tip 
is dragged gently across the surface of the sample, building up a height map of the surface. Contact AFM 
is generally used on hard surfaces where the tip will not damage the surface. For softer samples including 
most polymer films the microscope is operated in close contact, or „tapping‟ mode. In this mode the tip is 
not dragged over the surface, rather it is tapped at a high frequency onto the film. The laser detection 
systems measures changes in the tip oscillation produced by interaction with the electron density at the 
surface (the distance between the tip and the sample is kept constant). AFM images in this work were 
recorded using a Pacific Nanotechnology atomic force microscope and analysis performed using Pacific 
Nanotechnology‟s NanoRule software. 
3.9.2 TEM 
Transmission electron microscopy (TEM) is also used to characterise blend morphologies with a spatial 
resolution above that of AFM. The TEM images presented in Chapter 4 and provided by Dr S King and 
Dr A Bruno were obtained using a JEOL 2000 MkII electron microscope operated at 200 kV. The blend 
films were fabricated on a PEDOT:PSS coated glass substrate. After the films had dried, the substrate 
was placed in water which dissolved the PEDOT:PSS layer, allowing the polyfluorene blend  layer to be 
collected and mounted on a copper grid.  
3.10 Device characterisation 
Electrical characterisation of devices presented in this thesis is carrier out in an inert atmosphere (in 
nitrogen or under vacuum) within a custom designed sample chamber.  
 
3.10.2 External quantum efficiency 
External quantum efficiency (EQE) expresses the photon to electron conversion efficiency of a solar cell 
as a function of wavelength. The quantity EQE is defined as the number of electrons produced per 
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second, divided by the number of incident photons per second. In the experiment, the sample is 
illuminated by monochromatic light and the output current is measured at each wavelength. This is 
converted to EQE using  
 
    
             
          
 
   
  
   
   
 
   





Where Iph is the photocurrent and Pop is the power output of the lamp at each wavelength, measured 
using a silicon photodetector. 
 
Figure 3.13: Measurement of EQE. The source measure unit records the short circuit current at 
each wavelength. 
In this report, EQE measurements were made using a Keithley 236 source measure unit. A Hg-Xe lamp 
(Hamamatsu) with wavelength controlled using a monochromator (Digikrom 240 – CVI Instruments) 
over the range 300-700nm was used to excite the samples.  
3.10.3 Current density-voltage measurements 
The current density-voltage (J-V) curve of a solar cell is produced by scanning the voltage across a device 
under illumination or in the dark, and recording the resulting current density with a source measure unit. 
The device is held in a sample chamber under nitrogen and light from a 100W xenon lamp. The power 
incident on the sample is 1mWcm-2, equivalent to 1 sun, and is calibrated using a Si photodiode. The 
spectrum of the lamp is similar to the AM 1.5 solar spectrum, although with slightly lower intensity at 
long wavelengths (650 nm or higher). Therefore the device performance parameters may be compared to 
one another but are not directly comparable to certified cell efficiencies, particularly for low-bandgap 
polymers such as have been studied in Chapter 6.  
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Abstract 
In organic solar cells, high open circuit voltages may be obtained by choosing materials with a high offset between the donor 
highest occupied molecular orbital (HOMO) and acceptor lowest unoccupied molecular orbital (LUMO). However, in 
blends with high open circuit voltages, the availability of other photophysical pathways can be detrimental to the device 
performance. These pathways include recombination, intersystem crossing and energy transfer from donor to acceptor. In this 
chapter, two polyfluorene donor polymers are blended with acceptors of varying LUMO level in order to identify the 
conditions for charge separation, and it is shown that when the charge separated state energy is higher than a threshold value 
of 1.6 eV, triplet formation in the fullerene is observed. Spectroscopic measurements support a mechanism of resonance energy 
transfer from the polymer to the fullerene singlet, with subsequent intersystem crossing to the fullerene triplet, and indicate the 
importance of hole transfer in quenching excitons in the blend materials. 
4.1 Introduction 
As described in Chapter 2, charge separation in organic solar cells is commonly viewed as a multistep 
process. The forward steps in charge generation are shown in Figure 4.1; formation of the singlet exciton 
by light absorption is followed by transfer to a geminate pair, also known as a charge-transfer state, where 
the charges are located on different types of molecule but are Coulombically bound to one another. If the 
charges are able to escape their mutual Coulombic attraction to form separate polarons, they can be 
collected at the electrodes. The backward processes that reduce photocurrent generation efficiency (also 
known as internal quantum efficiency, IQE) include bimolecular recombination, recombination of the 
geminate pair directly to the ground state (which may be accompanied by emission[58-60, 107-108]), or 
regeneration of the singlet exciton to give delayed PL. In addition, triplets acting as energy traps can be 
generated by intersystem crossing of an exciton on either material, or by intersystem crossing of the 
charge separated state followed by charge recombination [109-111]. Losses due to energy transfer and 
exciton deactivation through other radiative and nonradiative pathways will mainly be observed as a 
decrease in the short circuit-current, since they represent a reduction in the number of useful photons 
absorbed (and hence a reduction in charge separation efficiency). Bimolecular recombination and 
trapping are also observed as to reduce the device fill factor.  
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Figure 4.1: Illustration of key processes in charge separation: a) photoexcitation to form a singlet 
exciton on the donor or acceptor, b) conversion of singlet exciton to charge-transfer state, c) 
separation of charge-transfer state to give polarons, d) transport of charges to electrodes, e) 
bimolecular recombination, f) geminate recombination to ground state (may result in exciplex 
emission), g) geminate recombination to singlet exciton, h) geminate recombination to triplet, i) 
intersystem crossing. At stage g) or h), the recombination could occur to form an exciton on 
either the donor or the acceptor. 
As discussed in Chapter 2, the properties of the charge transfer (CT state), with an energy conveniently 
approximated as the energy offset between the donor HOMO and the acceptor LUMO, with a correction 
for the Coulombic binding energy of around 0.3 eV[78], have been shown to influence many aspects of 
organic solar cell performance. A strong correlation is found between this offset energy and the open-
circuit voltage of the device for a number of organic blends[77]. The implication of this is that an increase 
in the open circuit voltage can be achieved by choosing materials which lead to a high charge separated 
state energy. In blends with the commonly used electron acceptor [6,6]-phenyl-C61-butyric acid methyl 
ester (PCBM), this is achieved through the use of high ionisation potential (IP) polymers, which have the 
additional advantage of being more resistant to oxidative degradation by virtue of their deep HOMO 
level. 
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Figure 4.2: Acceptors studied in this chapter; PCBM, bis-PCBM and tris-PCBM. LUMO 
energies are taken from voltammetric measurements in literature [87] and energy gap taken from 
the peak of fullerene emission (see results section below) 
4.1.2 New electron acceptors 
An alternative approach to increase the open circuit voltage of organic solar cells is to utilise electron 
acceptors with lower electron affinities than PCBM, that is, to increase the charge separated state energy 
by raising the acceptor LUMO level (Figure 4.2). Recently, a series of fullerenes has been synthesised by 
multiple addition of side groups to the fullerene cage; PCBM has one such side group, and the multi-
adducts are known as bis-PCBM and tris-PCBM. The addition of the electron-donating side groups leads 
to a measured reduction in the electron affinity of ~0.1 eV per group[47, 87]. In blends with P3HT, the 
desired increase in open circuit voltage has indeed been observed in blends with bis-PCBM, without 
detriment to the short circuit current or fill factor and resulting in an increase from 3.8 % to 4.5 % in the 
power conversion efficiency[112]. It was found however, that tris-PCBM did not lead to an increase in 
the open circuit voltage of the device and in fact led to a large decrease in the device performance, due to 
a number of factors, chiefly to the decreased short circuit current and electron mobility within the 
fullerene material, the packing of the molecules being severely disrupted by the additional functional 
groups[113]. 
Despite the differences in device performance between blends of P3HT with PCBM, bis-PCBM or tris-
PCBM, transient absorption measurements of the polymer polaron[47] show that the substitution on the 
fullerene has no effect upon the charge generation yield at 1µs. The main reason for the low performance 
in P3HT:tris-PCBM blends can thus be assigned to the poor packing of molecules and low mobility, 
resulting in enhanced bimolecular recombination. It is interesting to note that in the measured P3HT:bis-
PCBM blends, the device performance is reasonably good despite the decrease in electron mobility in the 
acceptor. Although this material is indeed less closely packed than PCBM, it appears to exceed the 
percolation limit required for efficient charge transport.  
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4.1.3 A threshold energy offset 
Within the range of polymer-PCBM energy offsets probed by the study of Scharber et al, photocurrent 
generation is efficient in all cases (and is assumed in their model). However, prior studies[111, 114], using 
high ionisation potential polyfluorene polymers blended with PCBM, demonstrated that increasing the 
HOMOD-LUMOA energy offset by increasing the polymer ionisation potential led to the formation of 
PCBM singlets and triplets rather than efficiently separated charges. Reference [111], a systematic study of 
a range of polyfluorene polymers blended with PCBM, identified a threshold offset between the donor 
HOMO level and acceptor LUMO level of IPD-EAA≈1.6 eV. For energy offsets larger than this 
(corresponding to a polymer ionisation potential of greater than 5.5 eV), a strong transient absorption 
signature of the PCBM triplet (at 720 nm) was observed. For a polymer with a lower ionisation potential 
than this, the transient spectrum did not show a signature corresponding to the fullerene triplet. 
Moreover, in the former case, the photoluminescence spectra of the blends showed a peak, also at around 
720 nm, which corresponds to the emission of the PCBM singlet, while in blends of polymers with 
IP<5.5 eV, no such emission peak was observed (a polymer with IP equal to 5.5 eV exhibited 
intermediate behaviour, with the formation of triplets dependent upon the fullerene loading in the film; 
perhaps as a consequence of more efficient charge separation in blends with larger PCBM domains). The 
explanation proposed for these observations was that a number of competing processes were able to take 
place from the first-formed polymer exciton, in particular that energy transfer from polymer to PCBM 
may dominate when the energy offset is higher than the energy of the PCBM singlet, at around 1.7eV. 
The model proposed in that study is shown in Figure 4.3.  
 
Figure 4.3: Proposed model for the competition between energy and charge transfer in 
polyfluorene:PCBM blends[111]. When the CS state energy is below 1.7 eV (the energy of the 
fullerene singlet), charge separation is efficient, while for higher CS state energies, energy 
transfer to the fullerene is preferred. 
In this model, the fate of the exciton is determined by a competition between energy transfer and charge 
transfer with the dominant process being that which leads to the state with the lowest energy. This 
suggests that if the fullerene singlet is lower in energy than the charge separated state energy, energy 
transfer will dominate and fullerene singlet emission will be observed. In addition, the charge separation 
yield will be decreased. Concomitant with the observation of PCBM singlet emission is the long lived 
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transient absorption of the PCBM triplet, since intersystem crossing within PCBM is known to be 
efficient (the triplet quantum yield in C60 is unity, while for functionalised C60 molecules it has been found 
to be slightly lower[115]).  
This model presents intermolecular energy transfer as a process for energy loss, potentially a problem for 
all solar cell material combinations, where the offset energy between the polymer HOMO and the 
fullerene LUMO is high. This is not a problem within the range of blends studied by Scharber et al, but 
can present a major loss pathway in organic solar cells where high open circuit voltages are desired. The 
purpose of the present chapter is twofold. Firstly, a further series of polyfluorene:fullerene blends are 
studied, in order to understand whether the formation of fullerene triplets and singlets at CS state 
energies above 1.6 eV is a general observation. Secondly, a number experiments are performed to further 
study the mechanism by which singlets are triplets are formed in polyfluorene:fullerene blends, and to 
investigate the role of energy transfer in these blends. 
4.1.4 Materials 
The polymers poly(9,9 dioctylfluorene–co–N-(4-butylphenyl) diphenylamine), (TFB) and poly(9,9-
dioctylfluorene-co-bis-N,N-(4-butylphenyl)-bis-N,N-phenyl-1,4-phenylenediamine), (PFB), when blended 
with PCBM, bis-PCBM and tris-PCBM, allow access to a range of charge separated state energies from 
around 1.4 to around 1.8 eV (Figure 4.4). The HOMO levels of the polymers (5.1 eV for PFB and 5.3 eV 
for TFB) are provided by the supplier and are consistent with literature values [116-117]. The error in 
these measurements is not known although typical error in cyclic voltammetry measurements of polymers 
are around ±0.05 eV.  
 
Figure 4.4: Charge separated state energies (defined by ΔEcs=IPD-EAA) for the 
polyfluorene:fullerene blends studied. 
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4.2 Experimental details 
PCBM, bis-PCBM, tris-PCBM and bis-PC70BM were obtained from Solenne BV. PFB and TFB were 
obtained from Sumitomo Chemical Company, and polystyrene (PS) obtained from Aldrich. All materials 
were dissolved in chlorobenzene to a concentration of 10 mg/ml. Blend solutions were made by 
combining the individual solutions at PCBM concentrations of 5 wt%, 50 wt% and 80 wt%, resulting in a 
total blend solution concentration of 10 mg/ml in all cases. Films for spectroscopy were deposited by 
spincoating at 1500 rpm for 30 seconds onto Spectrosil B fused quartz substrates, cleaned by sonication 
in acetone followed by IPA for 10 minutes each. Devices were made by spincoating solutions containing 
80wt% fullerene onto acetone and IPA cleaned indium tin oxide (ITO) substrates, which had previously 
had a layer of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS, H.C. Starck 
Baytron P, 60 nm) applied. Aluminium electrodes 60 nm in thickness were then applied by thermal 
evaporation. 
  
a) PFB b) TFB 
 
   
c) PCBM d) bis-PCBM e) tris-PCBM f) bis-PC70BM 
Figure 4.5: Chemical structures of materials: electron donors PFB and TFB, and electron 
acceptors PCBM, bis-PCBM, tris-PCBM and bis-PC70BM 
The following Table summarises the samples prepared for spectroscopy and device measurements. 
Polymer Fullerene Wt% fullerene 
Polystyrene PCBM, bis-PCBM, trisPCBM, bisPC70BM 5,50 
TFB PCBM, bis-PCBM, trisPCBM, bisPC70BM 5, 50,80 
PFB PCBM, bis-PCBM, trisPCBM 5,50,80 
Table 4.1: Samples prepared for polyfluorene:fullerene study 
Absorption spectra were measured using a Shimadzu UV-2550 spectrophotometer, and steady state 
photoluminescence spectra (in emission and excitation modes) were measured with a HORIBA Jobin 
Yvon Fluorolog-3 spectrofluorimeter. Photoluminescence excitation spectra were measured for emission 
at 720 nm corresponding to the fullerene emission, using the same spectrofluorimeter. The 
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photoluminescence dynamics at 460 nm in polymer:fullerene films were studied using femtosecond 
fluorescence upconversion as described in Chapter 3 and reference [92]. For all TAS measurements, three 
identical samples were stacked together in the path of the pump and probe lights in order to increase the 
signal size. TAS was performed with an excitation wavelength of 337 nm (Intensity ≈ 200 µJcm-2), and all 
experiments were performed in sealed nitrogen-filled cuvettes unless otherwise stated. 
Current-voltage characteristics for devices were measured as described in Chapter 3, and were averaged 
over between four and six devices. Typical errors (the standard deviation as a percentage of the mean) 
were 5-10 % in Jsc, 1-7 % in Voc, 1-4 % in fill factor and 6-15 % in overall efficiency. 
4.3 Results 
4.3.1 Absorption spectroscopy 
The absorption spectra of the fullerenes in solution and in films are shown in Figure 4.6. The films 
comprise the fullerene blended with polystyrene at 5 % by weight. Polystyrene provides a matrix for the 
fullerene molecules to more accurately represent the spectrum of the fullerene when blended with a 
donor polymer.  
a) b) 
Figure 4.6 a) UV-vis absorption spectra of fullerenes in solution. b) UV-vis absorption spectra of 
5wt% PCBM, bis-PCBM and tris-PCBM in polystyrene 
In all the solution spectra, the fullerene absorption has a long tail due to the fact that the lowest energy 
transitions in the molecule are formally forbidden due to the high symmetry of the fullerene. The peak at 
330 nm, corresponding to the 31T1u transition in C60[118], is well-defined in PCBM, and becomes much 
weaker in bis-PCBM and tris-PCBM on account of the loss of symmetry in the molecule. As well as the 
decrease in intensity of this peak, the spectra of bis-PCBM and tris-PCBM show decreased structure in 
the spectrum, a signature of disorder resulting from a range of vibrational frequencies in the molecular 
ensemble.. In the solid state, the intensity ratio between the high and low energy transitions increases by a 
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factor of five, indicating that the low energy transitions, suppressed in solution, become more allowed in 
the solid state as the anisotropy in the molecular environment increases.  
The absorption spectra of the six polyfluorene:fullerene blend systems (at 50 % fullerene by weight) are 
shown in Figure 4.7. The spectra seem to arise from a simple superposition of the spectra of the blend 
components, although the presence of a ground state charge transfer complex cannot be ruled out given 





Figure 4.7: Normalized UV-vis absorption spectra of blend films of a)PFB and b) TFB blended 
with mono-, bis- and tris-PCBM (50wt% fullerene in all cases). Pristine polymer absorption 
spectra are shown for comparison.  
4.3.2 Steady state photoluminescence 
Photoluminescence spectra of the pristine polymers and their blends with PCBM, bis-PCBM and tris-
PCBM (at 5 wt% fullerene loading) were collected without an integrating sphere, exciting at the polymer 
absorption maximum (375 nm for PFB and 385 nm for TFB). The data are shown in Figure 4.8. The 
quenching of the polymer emission in all cases is highly efficient even at this low fullerene loading. Table 
4.2 shows the extent of emission quenching induced by the fullerenes. In the blends with 50 % and 80 % 
fullerene by weight, the quenching was close to unity in all cases.  
/nm 
/nm 
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a) b) 
Figure 4.8: Steady state PL measurement for a) PFB:fullerene blends and b) TFB:fullerene 
blends at 5 wt% fullerene in all cases. The quenching of the polymer PL is large for all fullerenes 
albeit decreasing upon the addition of further side groups to the fullerene. At the higher fullerene 
loadings used in transient spectroscopy (50 wt%) and devices (80 wt%) the quenching is close to 
unity. The samples were excited at the wavelength of maximum polymer absortion (375 nm for 





PL quenching in blend 
containing 5 wt% fullerene 
Singlet emission lifetime of 
polymer in 80 wt% blend/ps 
PFB:PCBM 1.4 98 0.57 
PFB:bis-PCBM 1.5 95 1.20 
PFB:tris-PCBM 1.6 91 2.35 
TFB:PCBM 1.6 96 0.72 
TFB:bis-PCBM 1.7 92 1.19 
TFB:tris-PCBM 1.8 86 1.67 
Pristine PFB - - 200 
Pristine TFB - - 88 
Table 4.2: PL quenching and polymer lifetime in polymer:fullerene blends 
Emission spectra recorded in the wavelength range 650-800 nm (without using an integrating sphere) are 
shown in Figure 4.9 (excitation wavelength 300 nm). This clearly shows that an emissive feature between 
700 and 750 nm is present in the blends. This wavelength range corresponds to emission by the fullerene 
singlet (Figure 4.9b) and varies in intensity across the blends studied.  
/nm /nm 
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Figure 4.9: a) Long-wavelength emission recorded for  blends of polyfluorenes containing 50 
wt% PCBM, bis-PCBM and tris-PCBM (excitation wavelength 300 nm). b) Emission spectra of 
pure fullerene film 
4.3.3 Time resolved photoluminescence 
The quenching of the polymer emission is extremely fast, with lifetimes of a few picoseconds as kindly 
measured by Dr A Bruno and L Reynolds using ultrafast fluorescence upconversion spectroscopy, the 
results of which are shown in Figure 4.10 for blends containing 80 wt% fullerene (the same blend ratio as 
was used in the device measurements reported below). For the TFB:PCBM blends the data are also 
shown at a number of different blend ratios (with the pristine polymer shown for comparison). These fast 
photoluminescence decay measurements show that as the acceptor content in the film increases, more 
and more of the polymer PL quenching occurs within the instrument response time of the spectrometer 
(around 120 femtoseconds). Indeed, ultrafast time-resolved measurements over a range of blend 
compositions for all three fullerenes[119] show that there is a „threshold‟ acceptor concentration at which 
the decay rate saturates, that is, all excitons are able to reach the interface and be quenched at this 
concentration. The concentration at which the kinetics saturate is increased for the bis and tris fullerenes, 
which can be partially explained on the basis that the more highly substituted fullerenes tend to aggregate. 
However, the dissociation rates themselves also saturate (Figure 4.10d), indicating that the absolute 
exciton dissociation efficiency at the interface is also fullerene dependent.  
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a)  b)  
c)     
d)  
Figure 4.10: Ultrafast measurement of polymer PL quenching in a) PFB:fullerene and b) 
TFB:fullerene blends at 80 wt% fullerene, demonstrating fast quenching of the polymer 
fluorescence by the fullerene acceptor. The reduced peak amplitude demonstrates that a large 
part of the quenching occurs within the instrument response time of around 120 femtoseconds. c) 
quenching of the polymer emission as a function of PCBM content in a TFB:PCBM film and d) 
quenching rate as a function of fullerene content showing that the quenching rate at the interface 
is lower for bis- and tris-PCBM (figures c) and d) taken from reference [119]).  
 
 
4.3.4 Photoluminescence excitation spectra 
By comparing the excitation spectra of the polyfluorene:fullerene blends with the spectra corresponding 
to direct fullerene (or polymer) excitation, the origin of the fullerene singlet emission in the blends may be 
investigated. The excitation spectra of the emission at 720 nm in the polymer:fullerene blends were 
collected and are shown in Figure 4.11 and Figure 4.12. Figure 4.11 shows the normalised excitation 
spectra of the polystyrene:fullerene blends, polyfluorene:fullerene blends and the pristine polymers. It can 
be seen from the shape of the spectra that in blends which show very little emission between 700-750 nm 
(PFB:PCBM, TFB:PCBM, PFB:bis-PCBM, Figure 4.9a), any emission that does occur at this wavelength 
arises mainly from direct fullerene excitation. By comparison with the un-normalised data (Figure 4.12), it 
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can be seen that in these blends, fullerene emission is quenched significantly relative to the same 
concentration of fullerene dispersed in polystyrene, with which the fullerene is not expected to interact 
electronically.  
In the blends which do show emission at 720 nm (PFB:tris-PCBM, TFB:bis-PCBM, TFB:tris-PCBM, 
Figure 4.9a), the shape of the blend excitation spectra show a greater similarity to the polymer absorption 
with a peak around 380nm. Indeed for those blends with the highest intensity emission at 720 nm (TFB 
blended with bis- and tris-PCBM), the blend excitation spectrum is dominated by absorption in the 
polymer. Moreover, the un-normalised data (Figure 4.12) show that absorption by the polymer can 
increase the emission at this wavelength relative to the fullerene alone (this is notable for the blends of 
TFB with bis-PCBM and tris-PCBM). The emission from the polymer at 720 nm is expected to be 
negligible in these blends (based on 99% emission quenching, the amplitude of the „polymer‟ contribution 
at 720nm is expected to be less than 5000 counts), therefore the emission at this wavelength must 
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Figure 4.11: PL excitation spectra for polymer:fullerene blends, measuring emission at 720 nm 
(corresponding to emission from the fullerene singlet excited state). The increased polymer 
contribution to the shape of the excitation spectrum is a signature of fluorescence energy 
transfer.  
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  c 
Figure 4.12: Non-normalised excitation spectra for polyfluorene:fullerene blends (emission at 720 
nm measured) compared with polystyrene:fullerene, showing strong quenching of fullerene 
photoluminescence by the polymer for blends with ΔEcs<1.6 eV  
The presence of the strong polymer absorption peak in the excitation spectrum of the fullerene emission 
in blends which show a peak at 720 nm is indicative of the presence of energy transfer in these blends (in 
contrast to the fullerene emission arising simply from reduced quenching of the „direct‟ fullerene 
excitons). The appearance of fullerene emission in the blend spectra, and the polymer contribution to this 
emission, occurs when the HOMOD-LUMOA energy offset exceeds 1.6 eV, in common with a previously 
reported set of polyfluorene:PCBM blends[111].  
4.3.5 Transient absorption spectroscopy 
In order to probe the formation of triplets in the blend films, transient spectra at 1 μs following pulsed 
laser excitation of the polyfluorene:fullerene films containing 50 wt% fullerene were collected and are 
shown in Figure 4.13 (the excitation wavelength was 337 nm). For some blends a large absorption peak at 
around 720 nm is observed with monoexponential decay kinetics (shown in Figure 4.16 below); this 
absorption is also observed in the pristine fullerene, and is assigned to the triplet of the fullerene in 




/nm /nm /nm 
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Figure 4.13: a) Transient spectra measured at 1 µs for 50 wt% blends of PFB and TFB with 
PCBM, bis-PCBM and tris-PCBM. A peak around 650-750 nm, corresponding to the fullerene 
triplet (b), is observed in the PFB:tris-PCBM, TFB:bis-PCBM and TFB:tris-PCBM blends. 
Excitation wavelength 337 nm. 
In these blends, it is not possible to measure triplets and polymer polarons simultaneously, due to the low 
extinction coefficient of the polymer polaron (less than 9000 Lmol-1cm-1, see Chapter 5), and the fact that 
the triplet absorption spectrum of the fullerene overlaps with the broad polaron band from 800-1100 
nm[108]. However, there is a clear variation in the size of the transient absorption at the wavelength of 
the known triplet absorption, which correlates well with the observations of fullerene emission in Figure 
4.9. This correlation is shown explicitly in Figure 4.14.  
 
Figure 4.14: Correlation between fullerene singlet emission and triplet transient absorption 
intensities, as a function of the charge separated state energy in blends of fullerenes with PFB 
(triangles) and TFB (squares).  
The PL excitation spectra also show that on going across the fullerene series, the amount of energy 
transfer, indicated by the size of the polymer peak in the excitation spectrum, is largest for those blends 
/eV 
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with high triplet yield. This strongly indicates that energy transfer and triplet formation occur together 
and are favoured when the charge separated state energy is high.  
Additional information regarding the origin of the 650-750 nm transient absorption feature is available 
from studying the fullerene dispersed in polystyrene. By comparing the fullerene triplet absorption in this 
sample and in one with TFB as the matrix (with the fullerene concentration constant at 5 wt%), it is 
possible to study the relative contribution of the fullerene and the polymer to the triplet population 
produced in the blend.  
When bis-PCBM is dispersed in polystyrene, all triplets are produced by direct fullerene photoexcitation 
followed by intersystem crossing, giving rise to a monoexponential decay at 720 nm with a lifetime of 32 
µs. When TFB is used to disperse the fullerene, the triplet yield is strongly increased, but the 
monoexponential lifetime of the transient absorption signal is the same as in the fullerene:polystyrene 
blend. The decay kinetics of the bis-PCBM triplet also become biexponential at very early times, reflecting 
the opening up of a bimolecular triplet-triplet annihilation pathway at high triplet populations (the kinetics 
in the same sample become monoexponential at lower excitation intensities). This additional transient 
absorption does not arise from the TFB alone, as shown in Figure 4.15. This provides strong evidence 
that direct excitation of the polymer leads to triplet formation in the fullerene. In blends with higher 
fullerene content, the increase in bis-PCBM triplet formation upon addition of TFB is still observed, but 
with a lower overall triplet yield. This effect was observed in an earlier study of PCBM films[121] and has 





Figure 4.15: a) Transient decay kinetics of fullerene triplet absorption at 720 nm for films of 5 
wt% bis-PCBM dispersed in polystyrene and TFB, b) Transient decay kinetics of fullerene triplet 
absorption at 1000 nm for films of 5 wt% bis-PC70BM dispersed in polystyrene and TFB. The 
triplet absorption increases in intensity in the TFB:fullerene blends (this is not accounted for by 
the transient absorption of the polymer alone, pale grey line). All measurements were performed 
with an excitation wavelength of 337 nm.  
The triplet formation resulting from polymer excitation in the polyfluorene:fullerene blends is quantified 
by calculating the increase in the ΔOD signal between the TFB and PS blends using Equation 4.1. This 
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permits a comparison between different materials without requiring a calculation of the extinction 
coefficient for T-T absorption in the fullerenes. When blended with TFB, triplet ΔOD in bis-PCBM is 
increased by a factor of 2.5; in tris-PCBM by a factor of 4.3.  
 Δ            
              
     
 4.1  
The increase in triplet ΔOD on adding TFB was also measured for bisPC70BM. C70 derivatives have an 
increased absorption across the visible spectrum (Figure 4.16), and for this reason have been used to 
make efficient solar cells[123]. The purpose of bisPC70BM in this experiment is in determining the effect 
of increased fullerene absorption upon triplet formation (Figure 4.16), to give insight into the mechanism 
of triplet formation. In bisPC70BM, the triplet absorption was measured at 1000 nm[124], and is strongly 
and reversibly quenched by oxygen. The decay of the triplet is also slower (lifetime = 300 µs), but the 
same trend is observed as for bis-PCBM, and in this case the triplet ΔOD increased 4.2-fold upon adding 
TFB.  
 
Figure 4.16: Absorption coefficient spectra of bis-PCBM (black line) and bis-PC70BM (dark grey 
line), both measured at 5 wt% in a polystyrene matrix, and normalized emission spectrum of 
TFB (pale grey line). The increased absorption of bis-PC70BM in the visible spectrum results in a 
greater spectral overlap integral. 
4.3.6 Charge generation and device performance 
Due to the difficulty in directly measuring transient absorption by the polymer polaron, device short 
circuit currents were measured to probe charge generation in the blend films. Although the photocurrent 
is not a direct measure of charge generation efficiency, as a consequence of bimolecular recombination, 
charge mobility and collection effects, some comparisons between blends can be made. For example, 
while the electron mobility varies over several orders of magnitude between PCBM, bis-PCBM and tris-
PCBM[113], the variation in hole mobility between TFB and PFB is smaller[116]. This indicates that 
/nm 
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comparisons of devices using the same fullerene can be made without being dominated by the effect of 
carrier mobility. It has been demonstrated that the short circuit current is a reliable proxy for the charge 
photogeneration efficiency in blends where the carrier mobility exceeds 10-5cm2V-1s-1 This condition 
applies for the polymers, for PCBM and for bis-PCBM (References [116] and [113]), while tris-PCBM‟s 
low mobility (<10-8cm2V-1s-1)makes such an assumption less reliable[113].  
The short circuit current densities (along with Voc, FF and PCE) for polymer:fullerene devices containing 
80 wt% fullerene are shown in Table 4.3. Despite similar absorption in all films, the photocurrents are 
low; moreover the observation of fullerene singlet and triplet formation is clearly correlated with a very 
low photocurrent.  
Blend Triplet ΔOD/mOD at 1µs 
(normalised to the fraction of 
pump photons absorbed.  
Jsc/mAcm-2 Voc/V FF PCE/% 
PFB:PCBM 0.007 0.90  0.62 0.36 0.20 
PFB:bis-
PCBM 
0.02 0.43  0.82 0.44 0.15 
PFB:tris-
PCBM 
0.08 0.03  0.75 0.30 0.01 
TFB:PCBM 0.012  0.81  0.64 0.33 0.17 
TFB:bis-
PCBM 
0.206 0.12  0.83 0.32 0.03 
TFB:tris-
PCBM 
0.211(±0.001) 0.00  0.65 0.26 0.00 
Table 4.3 Summary of device data for polyfluorene:fullerene blend films. The use of multiply 
substituted fullerenes can increase the device open circuit voltage, but results in low 
photocurrents. The lowest short circuit current densities are obtained in blends which show a 
high yield of fullerene singlet and triplet states (Figure 4.14) 
4.4 Discussion 
The results shown above suggest a strong apparent influence of the material energy levels upon the 
photophysics at polyfluorene:fullerene heterojunctions. In blends with a high HOMOD-LUMOA offset 
(larger than around 1.6 eV), we observe the following: emission from the fullerene singlet, which may be 
larger than in the corresponding „fullerene only‟ film; a greater contribution of polymer excitation to the 
excitation spectrum for this fullerene emission, indicating that an energy transfer process is occurring; and 
the presence of fullerene triplets in the blend transient absorption spectrum. These triplets are produced 
in higher yield in the blend film than in the film of fullerene with polystyrene. Moreover, in these blends, 
the photovoltaic device performance is low in those blends exhibiting singlet and triplet formation in the 
fullerene, while in blends which do not exhibit high yields of fullerene emission or triplet transient 
absorption, device performances are reasonable for these polymers. This indicates that the fullerene 
excited states act as loss pathways for photogenerated excitons, and that the availability of these loss 
pathways coincides with a threshold HOMOD-LUMOA offset of around 1.6 eV. 
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For blends on the threshold (where HOMOD-LUMOA ≈ 1.6 eV), the situation is slightly more 
complicated. In a previous study of a polyfluorene:PCBM blend containing the polymer Red F [111], the 
formation of triplet states versus separated charges was dependent upon the fullerene loading in the film, 
with higher fullerene loadings leading to a suppression of the formation of triplets. This is indeed 
observed in the measurement of triplet transient absorption in blends with differing fullerene loading (for 
example in TFB:bis-PCBM, the transient absorption at 720nm is around 30 times larger in a blend with 
5% PCBM than in one containing 50% PCBM), but does not explain the difference in behaviour between 
the blends of PFB:tris-PCBM and TFB:PCBM for which ΔEcs ≈ 1.6 eV (Figure 4.14). However, disorder 
in the materials can provide an explanation. 
Fullerene multi-adducts such as bis- and tris-PCBM are normally synthesised in an unselective process 
resulting in a distribution of regioisomers in a sample. These isomers are classified according to the 
relative position of the substituents around the symmetrical fullerene cage, and quantum chemical 
studies[87] of bis- and tris-PCBM, using a combined DFT and TD-DFT approach to calculate the 
HOMO and LUMO levels of a representative range of regioisomers reveal that the electronic energy 
levels of these isomers can vary widely, but that the weighted average agrees well with experimentally 
measured  values. The energetic distribution of HOMO and LUMO levels within the mixtures of 
isomers, predicted from the quantum chemical calculations, was also observable as a broadening in the 
oxidation and reduction peaks when the materials were studied experimentally using differential pulse 
voltammetry[87]. 
The spread in HOMO and LUMO energies in the higher adduct fullerenes is expected to result in the 
presence of higher and lower energy states (singlets or triplets, and particularly  CT states) above and 
below the threshold energy for energy transfer and triplet formation. This provides an explanation for the 
intermediate position of the PFB:tris-PCBM blend in Figure 4.14, and points in general to the importance 
of considering energetic disorder when discussing the energy of interfacial states; any increase in energetic 
disorder in the materials will lead to energetic disorder in the interfacial states.  
4.4.2 Mechanisms for energy loss in polyfluorene:fullerene blends 
The observation of enhanced fullerene singlet emission and triplet yield in polyfluorene:fullerene blends 
are in line with previous studies using PCBM as an electron acceptor, which posit a role for energy 
transfer in the photophysics of high open-circuit voltage blends[111, 114]. However, the details of the 
role of energy transfer, particularly in triplet formation, and the reasons for the apparent „threshold‟ CT 
state energy of around 1.6 eV (which presents a limit to the open circuit voltage obtainable using fullerene 
acceptors), have yet to be fully understood. For example, in some other photovoltaic systems, triplet 
formation occurs into materials with low intrinsic triplet quantum yields as a result of intersystem crossing 
within the interfacial charge transfer state[109-110, 125]. 
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CT state recombination 
In the case of blend systems where triplets are formed by charge-transfer state recombination, the 
mechanism which would result in triplet formation is shown in Figure 4.17. In this case, the initially 
formed polymer exciton undergoes partial charge transfer to form a bound CT state. This can undergo 
either full charge separation, or if it is close to or higher than the fullerene singlet and triplet in energy, it 
may undergo either singlet exciton recycling[69], or intersystem crossing followed by triplet 
recombination. Geminate recombination to the triplet state has been directly observed when the 
interfacial CT state is emissive, for example in F8BT:PFB[109-110]. In some polymer:PCBM blends, 
formation of the triplet state on the polymer is enhanced by blending with PCBM and it is reasoned that 
this must occur via the charge transfer state on account of the large photoluminescence quenching of the 
polymer which acts to reduce the yield of triplet states by intersystem crossing (on account of the much 
reduced singlet state lifetime)[125].  
Alternatively, bimolecular recombination could occur and produce triplet states from fully separated 
charges, as is the case in phosphorescent OLEDs. We note that the formation of free charges is not 
readily detectable in any of our transient absorption measurements and therefore assume that bimolecular 
processes do not play an important role in our system. However, in the absence of transient absorption 
data at timescales shorter than 1µs (particularly from 1ns-1µs[45]), and particularly in the nanosecond 
regime, these alternative recombination mechanisms are hard to distinguish. Indeed, the experiments 
performed here are not able to conclusively identify the presence of a CT-state recombination 
mechanism, although a few features of this mechanism are compatible with the experimental data. 
Singlet and triplet recombination from a CT state will depend on the dynamics of processes at the 
interface, in particular the competition between CT state recombination (in this case resulting in fullerene 
excited states) and generation of fully separated polarons (kr,T or kr,S and ks, Figure 4.17). The rate of 
charge separation ks is related to the ability of the charges to escape their mutual Coulombic attraction, 
which is in turn dependent upon the energy of the CT state and the local charge mobility directly adjacent 
to the interface. This latter condition has been demonstrated in studies[51, 125] which relate the charge 
generation yield from CT states to the size of local PCBM domains, and from a simple Onsager-Braun 
perspective, requires the spatial extent of the CT state to exceed the Coulomb capture radius.  
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Figure 4.17:  Charge transfer state recombination mechanism for singlet and triplet state 
formation. Recombination of the charge transfer state (here shown as recombination to the 
singlet or triplet on the fullerene, kr,S, kr,T) competes with the formation of separated polarons ks 
As already highlighted in Figure 4.6, the absorption spectra of the fullerene films imply a decrease in 
packing in the more highly substituted fullerenes. Transmission electron micrographs of films of fullerene 
dispersed in TFB (50 wt% fullerene, Figure 4.18) show an increase in the size of molecular aggregates 
across the series of fullerene adducts, while molecular dynamics simulations indicate that at the molecular 
level, packing disorder is higher for the more sterically hindered bis- (and by assumption, tris-) fullerene. 
Although all the fullerenes are able to provide a fast deactivation of the polymer fluorescence at high 
loadings (Figure 4.10), the quenching measurements reported in Reference [119] show that the absolute 
ability of the fullerenes to quench polymer excitons decreases upon increasing the number of side groups, 
indicative of a poorer interaction between the polymer and fullerene components in the blend at the 
interface. 
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d) 
Figure 4.18: TEM images of 50% TFB:fullerene blends (a,b,c) and molecular dynamics 
snapshots of pristine fullerene packing (inset to a and b, tris-PCBM unavailable). Feature sizes 
are largest in the tris-PCBM blend, however the molecular packing within these domains is 
expected to be less efficient. By comparison with the AFM images (d), the changes in feature 
size do not appear to correlate with the film roughness, and are assigned to PCBM-rich regions. 
TEM images provided by Dr S P King and Dr A Bruno, measured on samples without staining 
and mounted on copper grids, using a JEOL 2000 MkII electron microscope operated at 200 kV.  
MD images provided by J M Frost.  
Resonant energy transfer 
A mechanism based upon initial energy transfer from polymer to fullerene, is depicted in Figure 4.19. In 
this case, energy transfer from the polymer singlet (in which most excitons are created) to the fullerene 
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in energy than the HOMO-LUMO offset at the interface (the charge transfer or charge separated state 
energy), charge separation is disfavoured, as it is an activated process. 
 
Figure 4.19: Energy transfer mechanism for fullerene singlet and triplet formation. Resonant 
energy transfer from polymer to fullerene kET occurs in competition with charge separation via 
electron transfer KCT, and prior to charge separation by hole transfer kCT‟ 
 
Evidence for resonant energy transfer 
In the present study the triplet and singlet states are formed on the fullerene and the presence of energy 
transfer and enhanced fullerene singlet emission is clearly seen in Figure 4.11 and Figure 4.12. Moreover, 
Figure 4.15 and Figure 4.16 show that the enhancement of triplet formation is increased in blends with a 
more highly absorbing fullerene.  
As introduced in Chapter 2. Förster resonant energy transfer describes the transfer rate kET in terms of 
the intermolecular separation between donor and acceptor and the spectral overlap between the emission 
of the donor and the absorption of the acceptor.  
 
    
  





   
  
4.2  
As briefly discussed in Chapter 2, a key assumption in Förster theory is that the intermolecular separation 
is large compared to the size of the molecule, allowing the donor and acceptor transition dipoles to be 
treated as point dipoles. In donor-acceptor blend films this assumption is not valid and intermolecular 
separations are normally similar to, or smaller than, the Förster radius. Under these conditions, the 
distance dependence of the energy transfer rate is no longer simple. Various extensions have been 
developed to better explain the energy transfer processes relevant to conjugated polymers, including 
moving from a dipole-dipole to a dipole-slab geometry[31], and using a distributed monopole 
approach[126]. However, in spite of the limited usefulness of the Förster equation in calculating exact 
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energy transfer rates from intermolecular separations (and vice versa), the spectral overlap integral is still 
important even in systems where the dependence is not strictly linear[126].  
The observed increase in triplet yield in blends of TFB with bis-PC60BM and bis-PC70BM illustrates this 
effect. Figure 4.15 and Figure 4.16 clearly show that when the spectral overlap between polymer emission 
and fullerene absorption is increased (by the use of the C70 derivative, in which the spectral overlap 
integral is around 2.3 times larger than for the corresponding C60 derivative), polymer excitation produces 
relatively more triplets on the fullerene, than when a blend with a lower spectral overlap is used. This 
provides support for the mechanism of energy transfer followed by fullerene intersystem crossing.  
4.4.3 Hole transfer in polyfluorene:fullerene blends 
Charge separation by hole transfer has until recently received relatively little attention in the literature 
around organic solar cells based on fullerene acceptors, in the main because of the low optical absorption 
coefficients in fullerenes compared to semiconducting polymers. Nevertheless, there are two reasons why 
hole transfer from the excited fullerene may be important; in a large number of photovoltaic blends, high 
device efficiencies require a large loading of fullerene (>50 %), and at these compositions, absorption by 
the fullerene may no longer be negligible. Moreover, the increasing use of fullerenes such as PC70BM, 
with their higher visible absorption coefficients, implies that charge separation by hole transfer should be 
considered. Recent studies of P3HT:C60 bilayer devices with an electron-blocking spacer have 
demonstrated that hole transfer indeed plays a role in photoinduced charge separation[79-80]. The 
electron blocking interlayer (N,N-diphenyl-N.N-bis(3, methylphenyl)-[1,1-bisphenyl]-4,4-diamine, TPD) 
used in these devices is selected to block the photoinduced charge separation, but to still allow resonant 
energy transfer by the Förster mechanism. The preservation of reasonably good charge yields with the 
interlayer is taken to demonstrate that energy transfer followed by hole transfer is an important 
mechanism in this system.  
The excitation spectra shown in Figure 4.9 provide evidence that charge separation by hole transfer 
occurs in the polyfluorene:fullerene blends, as demonstrated by the strong quenching of fullerene 
emission that occurs in the films exhibiting „good‟ device short circuit currents. This implies that even 
when energy transfer occurs, charges may still be generated, as shown in Figure 4.19b. This means that 
although it may decrease the exciton free energy, energy transfer-mediated population of the fullerene 
exciton does not inevitably reduce the charge separation efficiency (in effect, it is not a „dead end‟). Losses 
do occur, however, when the resulting fullerene exciton cannot be quenched, and this happens when 
there is insufficient driving force between the fullerene exciton and the CT or CS state. Under such a 
mechanism, the origin of the threshold CS state energy represents the minimum driving force required to 
quench the fullerene exciton (Es=1. 7eV, with an error of around 0.06 eV based upon PL measurements, 
Figure 4.8b). Charge separation from the fullerene triplet state  may also occur if the charge separated 
state energy is lower than the fullerene triplet energy (ET=1.5 eV), and if fullerene intersystem crossing is 
faster than charrge transfer to the polymer or CT state.  It is necessary to note, however, that the 
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reduction in the exciton free energy upon energy transfer to the fullerene still represents a possible barrier 
to charge separation, since a reduction in the energy represents a smaller thermalisation length for the 
electron and hole.  
4.4.4 A condition for minimising loss: “Energy transfer or high CS state 
energy – not both” 
The model of energy transfer either competing with, or occurring before, charge transfer, leads to an 
important implication for solar cell materials. The threshold charge separated state energy ΔEcs, suggested 
to relate to the singlet energy of the fullerene PCBM) has already been shown not to impose a universal 
limit on device performance, as is evidenced by polymers with intramolecular donor-acceptor character, 
such as F8TBTT (also known as APFO-3), in which good device performance is achieved in blends with 
PCBM despite the high ionisation potential of the polymer (5.8 eV). This blend is expected to have a 
charge separated state energy of 2.1 eV, well above the energy of the PCBM singlet, and yet does not 
exhibit significant energy loss through PCBM emission. A recent study of another donor-acceptor 
polymer, IF8TBTT (Figure 4.20) has shown similar results[127], since while this polymer shows emission 
in a similar region to PCBM (peaking around 680 nm), no emission in this region is observed in blends 
with 50 wt% PCBM. The observations in Reference [127] also suggest that the decreased resonant energy 
transfer rate is responsible for the lack of significant loss through this pathway, by comparison with a 
related polymer, IF8BT, which emits light at a shorter wavelength than IFTBTT. The spectral overlap 
between polymer emission and PCBM absorption is much smaller in the IF8TBTT:PCBM blend than in 
the IF8BT:PCBM blend (the polymer PL is also less intense), and the resulting decrease in resonance 
energy transfer rate has the effect of favouring transfer to the charge separated state.  
 
 
Figure 4.20: Emission spectrum of IFTBTT:PCBM blend shows that in spite of the high CT 
state energy compared with the PCBM singlet, significant PCBM emission is not observed. 
Figure reproduced from reference [127] 
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Taken together, the results of this study in addition to the results presented in this chapter and in studies 
on related systems[111, 114], support the statement of a design principle for solar cells.  
“When resonance energy transfer between donor and fullerene acceptor is possible, the charge separated 
state energy is limited by the energy of the fullerene singlet. In order to avoid energy loss in blends with 
high charge separated state energies, energy transfer must be prevented.” 
4.5 Conclusions  
Triplet formation is observed in polymer:fullerene blends with high charge-transfer state energies and is 
associated with a loss of photovoltaic performance, ascribed to the competition between charge-pair and 
triplet formation. In a series of polyfluorene:fullerene blends, triplet formation occurs when the offset 
between the donor IP and acceptor EA is larger than around 1.6 eV, supporting the work of earlier 
studies on related polymer:fullerene blends[111].  
The experimental data presented in this chapter may be summarised as follows. Polyfluorene polymers 
blended with fullerenes based upon PCBM, but with different numbers of functional groups, exhibit 
different photophysical properties, The photoluminescence quenching efficiency and rate decrease upon 
increased functionalisation of the fullerene. Fullerene singlet emission is observed in blend films, 
depending upon the material energy levels, and is strongest when the offset between donor HOMO and 
acceptor LUMO is greater than 1.6 eV. Excitation spectra show that the fullerene emission arises from 
polymer excitation, indicative of energy transfer from polymer to fullerene. Moreover, strong quenching 
of the fullerene emission occurs for blends with HOMOD-LUMOA<1.6 eV. 
Fullerene triplets are observed in transient absorption, in the same blends which show fullerene singlet 
emission. Again, polymer excitation increases the yield of fullerene triplets compared with direct fullerene 
excitation. Device performance (particularly short circuit current) is lowest in blends which show singlet 
and triplet formation. These data support a mechanism of energy transfer competing with charge 
separation. Increasing the spectral overlap between polymer emission and fullerene absorption increases 
the yield of triplets, further supporting this suggestion.  
Overall, the results presented here show that energy transfer is detrimental to device performance, 
particularly if the resulting fullerene exciton cannot be quenched by hole transfer. This indicates that the 
charge-transfer state energy and the spectral overlap between blend components are important 
parameters in determining loss pathways in organic blends, and should be taken into account when 
designing new material combinations for organic photovoltaics.  
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Abstract 
Long lived emission from an interfacial charge transfer (“exciplex”) state is observed in a series of blend films of polyfluorene-
triarylamine copolymers with silole derivatives. By varying the ionisation potential and electron affinity of the donor and 
acceptor respectively, the energy of the exciplex emission is found to correlate with the energy offset IPD-EAA. The yield and 
radiative decay rate of the exciplex decrease with its energy, reflecting an increase in the charge transfer character of the excited 
state with increasing redox energy (IPD-EAA) of the blend. Morphology measurement of selected blend films suggests that 
differences in phase separation are at least partly responsible for these observations and support a picture in which separated 
charges undergo greater stabilisation when the donor and acceptor domains are larger.  
 
5.1 Introduction 
As discussed in Chapter 2, interfacial CT state emission, also known as exciplex emission, has received 
much recent attention in the OPV community due to the fact that it allows interfacial processes to be 
directly probed, in particular the generation and recombination of  charges via the CT state[75, 78, 109, 
128]. Many types of  organic blend film, including polymer:fullerene and polymer:polymer blends, have 
been found to exhibit emission from interfacial states with charge transfer character. In many studies 
interfacial emission has been referred to as exciplex emission and in this chapter that terminology has 
been retained[57-59, 69-71, 73, 75, 108, 117, 129]. Although the emissive interfacial states referred to as 
exciplexes in these papers, and in this chapter, share many of  the features of  true exciplexes[56, 130], the 
presence of  ground-state charge transfer absorption in a large range of  donor-acceptor blend systems[48, 
52, 54-55] indicates that the crucial characteristic of  an exciplex, that it is dissociative in the ground state 
(Figure 5.1), is not necessarily valid in organic blend films exhibiting interfacial emission. More recent 
reports in the literature tend to refer to „charge transfer emission‟ and avoid the use of  the term „exciplex‟, 
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Figure 5.1: a)Strict definition of  an exciplex[130], a complex formed of  donor and acceptor 
molecules which is stabilised in the excited state (D*-A) but is dissociative in the ground state. 
b) A donor acceptor complex (D-A) with partial charge character in the ground state may be 
observable in the absorption spectrum. At large intermolecular separations, excitation of  a 
mixture of  D and A leads to excitation of  D* (or A) alone and does not result in complex 
formation. 
The key properties of  interfacial „charge-transfer‟ emission in organic blend films are shared with true 
exciplexes; namely the appearance of  broad featureless emission that is usually red-shifted relative to the 
emission of  either blend component, and with a long radiative lifetime relative to the singlet emission of  
either component. The stabilisation of  the excited, emissive state arises from a charge transfer interaction 
between the „donor‟ and „acceptor‟ molecules, and the resulting Coulombic attraction between partial 
positive and negative charges on the perturbed molecular excited states. The exciplex state is neutral 
overall, and may in fact reside primarily on the donor or acceptor (and merely resemble a molecular 
exciton perturbed by the presence of  an interfacial dipole). Exciplexes in solution have been shown to 
possess a dipolar nature on account of  the solvatochromic shifts observed in solutions of  differing 
polarity[61]. 
A useful framework to rationalise the various nomenclatures used to refer to interfacial states relevant to 
organic blend films can be gained from the work of  Huang et al, who conducted a theoretical study of  
states arising in the system comprised of  either TFB or PFB donor polymers, with F8BT as acceptor[71]. 
In these systems, which have been the subject of  intense experimental study, red-shifted, long lived 
emission is observed in both electroluminescence and photoluminescence, and a complete picture of  the 
blend photophysics is still being developed. Huang et al used density functional theory to identify a range 
of  electronic excited states with differing oscillator strength, which are stable at the heterojunction 
between model oligomers representing the polymer:polymer blend. In that work the lowest excited state 
configurations fall into three regimes which depend upon the specific interactions between the molecules 
(a function of  their relative displacement): a state which is mostly localised on one molecule, and which 
may undergo a slight perturbation as a result of  the dipole induced by a neighbouring molecule 
(„exciton‟), a state which is well described by an electronic configuration comprising the HOMO of  the 
donor and the LUMO of  the acceptor (which is emissive and whose calculated properties agree well with 
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experimentally observed exciplex emission, this is given the name of  „exciplex‟), and a state with a low 
oscillator strength and much longer radiative lifetime than the exciplex („polaron pair‟, representing a 
complete charge transfer from donor to acceptor).  
5.1.2 Relationship between exciplex emission and charge separation  
With such a lack of  consensus in the nomenclature used to refer to interfacial states it is not surprising 
that there has also been debate in the literature as to the exact relationship between interfacial emission 
and charge separation; in particular whether the emissive interfacial state is a direct precursor to, or a 
competitor with, separated charges. Interfacial emission can be used as a probe of  interfacial processes in 
the material, for example, in studies of  the PFB:F8BT system, in which interfacial emission has been used 
to devise a photophysical model for charge separation based upon the separation and recombination of  
an interfacial charge transfer state[109]. Interfacial exciplex emission was used as a probe for the 
population of  the charge transfer state and its decay was associated with the rise time of  triplet states 
(formed by recombination). In a further study the effect of  applied electric field upon exciplex emission 
and photocurrent was used to show that the exciplex state could be separated by high fields, indicating 
that it could be a direct precursor to separated charges[75]. This approach has been adopted in studies on 
other systems[131], for example, Veldman et al[51] observed spectroscopic features in emission from a 
polyfluorene:PCBM blend which were attributed to charge transfer (CT) states, and showed that by 
applying large voltages to devices in reverse bias, the emission from CT states could be quenched. This 
was taken to indicate that charge separation in devices based on this system proceeds via the CT state and 
not by direct dissociation of  the exciton. In addition, time-dependent measurements showed that the 
quenching of  CT luminescence under an applied bias originates from a decrease in the decay time rather 
than in the initial yield of  CT states (similar to the effect observed by Offermans et al in their study on 
PPV derivatives[59]). This provides support for a charge separation mechanism based upon the 
dissociation of  charge transfer states. The authors find that both CT states and free charges are stabilised 
by PCBM, possibly due to its higher dielectric constant. Interestingly, morphology is found to have an 
influence on charge generation, with the process being more efficient in a moderately phase separated 
blend; this is attributed to the presence of  high mobility and high dielectric constant PCBM clusters 
which allow charges to move away from the interface more readily[51]. A criticism of  the field-dependent 
measurements described here is that these studies generally employ rather large applied fields which do 
not reflect the operating conditions of  a real device. Under a different range of  conditions, no field 
dependence of  charge generation is observed[132].  
5.1.3 Silole derivatives 
The present study deals with a class of  small molecule electron acceptors based on silacyclopentadiene, 
also known as silole (Figure 5.2).  
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Figure 5.2: Silacyclopentadiene (silole) 
The silole derivatives of  interest in this chapter, which are blended with polyfluorene polymers, are 2,5-
bis-(2,2-bipyridin-6-yl)-1,1-dimethyl-3,4-diphenylsilacyclopenta-diene (PyPySPyPy), and a fluorinated 
version 2,5-bis-(5,5 fluoro-2,2-bipyridin-6-yl)-1,1-dimethyl-3,4-diphenylsilacyclopentadiene (F-silole). 
PyPySPyPy has previously been shown to have electron mobilities of  around 2x10-4 cm2/Vs[133], greater 
than that of  tris(8-hydroxyquinolinato) aluminium (Alq3), and so is of  interest for organic device 
applications, particularly LEDs[134]. A recent study of  PyPySPyPy blended with TFMO identified the 
presence of  exciplex and singlet exciton emission, the relationship between these being dependent upon 
the blend morphology[57]. In this chapter the relationship between the exciplex emission and charge 
separation is probed using a combined approach of  spectroscopy and device measurements. Table 5.1 
shows the materials‟ chemical structure, ionisation potential and electron affinity.  
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-5.1±0.05 -2.3 [135] 
TFMO 
 
-5.2±0.05 -2.2 [135] 
TFB 
 
-5.3±0.05 -2.3 [135] 
PyPySPyPy 
 
-5.7±0.05 -2.9±0.1 [57] 
F-silole 
 
-5.8±0.05 -3.0±0.1 [136] 
Table 5.1: List of  materials used in this chapter and their energy levels (ionisation potential and 
electron affinity). The error in the polymer energy levels are not known but are expected to be 
±0.05 V by comparison with the siloles, as they too were measured using cyclic voltammetry. 
5.2 Experimental details 
Blend films (average thickness = 80 nm for TFMO-based films, 145 nm for other arylamines) of  the 
polymers TFB, TFMO, and PFB, together with either PyPySPyPy or F-silole were spin-coated from 20 
mg/ml chlorobenzene solution at a rate of  1200-1500 rpm for 25 seconds (50 µl droplet volume) onto 
acetone and propan-2-ol cleaned Spectrosil B quartz substrates. For device measurements ~60 nm films 
of  PEDOT:PSS were spin-coated onto ITO substrates cleaned in the same manner. The active layer was 
deposited under the same spin-coating conditions as the films on quartz, and 100nm thick aluminium 
electrodes were evaporated on top under a vacuum of  6x10-6 bar. Measurements of  the „pristine‟ 
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acceptors were made on blend films of  polystyrene containing 5 wt% acceptor, to prevent crystallisation 
in the film and to reproduce more accurately the morphology of  the silole acceptor when blended with 
the polyfluorene polymers. Polystyrene was used as the host matrix because it is transparent at the 
wavelengths used to excite the samples, ensuring that there is no interference with excitation and 
emission[88], and because it is relatively amorphous, like the polyfluorenes. 
Donor Acceptor Acceptor 
concentration/wt% 
Device film 
thickness (± 5 
nm) 
TFB PyPySPyPy 5,20,50 75 
TFB F-Silole 5,20,50 70 
TFMO PyPySPyPy 5,20,50 55 
TFMO F-Silole 5,20,50 60 
PFB PyPySPyPy 5,20,50 85 
PFB F-Silole 5,20,50 90 
Table 5.2: Samples studied in polyfluorene:silole study. 
Absorption spectra were measured using a Jasco V560 UV-Vis spectrophotometer (long wavelength 
measurements on solutions used a Shimadzu UV-1601 spectrophotometer). Steady state emission spectra 
were recorded using a Fluoromax-3 spectrofluorimeter, exciting at the wavelength of  maximum 
absorption (379, 388, 376, 393 and 384 nm for PyPySPyPy, F-silole, PFB, TFMO and TFB respectively). 
Photoluminescence decays were measured by time-resolved single photon counting using a diode laser to 
excite the samples at 404 nm (full width at half  maximum ~ 230 ps). Absorption and PL spectra were 
recorded in air. 
The reported values of  the ionisation potentials (IP) and electron affinities (EA) were used[57, 135]. 
Transient absorption spectroscopy was performed under nitrogen in a sealed quartz cuvette using a 400 
nm dye laser. Transient spectra were collected at a time delay of  10 µs, and kinetics measured over the 
range 1 µs-1 ms, with 1000 averages taken at each time step. Surface morphology images were recorded in 
tapping mode using a Pacific Nanotechnology atomic force microscope. 
5.3 Results 
5.3.1 Absorption spectroscopy 
Absorption spectra of  the six polymer:acceptor blend films containing 50 % PyPySPyPy or F-silole by 
weight are shown in Figure 5.3. The siloles show absorption in a similar wavelength range to the polymers 
(for the F-silole), the apparent structure at long wavelengths is an artefact arising from the smoothing of  
the data which was noisy due to the small signal size. The absorption is to a first approximation a simple 
superposition of  the component spectra although the presence of  ground-state donor-acceptor 
interactions giving rise to absorption contributions of  less than around 0.01 OD cannot be ruled out. 
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Figure 5.3: Normalised absorption spectra of  a) pristine materials (acceptors blended with 
polystyrene), b) polymer: PyPySPyPy blends and c) polymer:F-silole blends 
5.3.2 Photoluminescence spectroscopy 
Photoluminescence spectra for the blends and pristine materials are shown in Figure 5.4 and Figure 5.5. 
These show that the polymer luminescence is strongly quenched by the addition of the silole (example 
shown in the inset to Figure 5.4a). The exact quenching yield is difficult to determine due to the overlap 
of the polymer, silole and additional red-shifted emission, but in blends containing 50 wt% acceptor, the 
photoluminescence at the peak wavelength of the pristine polymer is reduced by more than 85% for all 
material combinations. The normalised photoluminescence spectra of the blends (Figure 5.4) demonstrate 
the formation of an additional emission peak in the blend which is red shifted in relation to both the 
pristine polymer and the pristine acceptor. From time resolved data (Figure 5.7 below), the lifetime of this 
emission is shown to be longer than exciton emission from either blend component, indicating the 
formation of a new species (rather than absorption of the higher energy polymer emission by the silole). 
The energy of the red-shifted emission in the blends shows a good correlation with the difference 
between the IP of the donor and EA of the acceptor, denoted by ΔEcs, as in Chapter 4. Table 5.3 shows 
this correlation. Studies of exciplex emission in solution as well as in films express the exciplex emission 
energy as a function of the donor ionisation potential, acceptor electron affinity and some binding energy. 
In hexane solution the binding energy has been estimated at between 0.05 and 0.25 eV[130], while in the 
present study, the binding energy is estimated at between 0.02-0.11eV. The estimated uncertainty is likely 
to be ±0.05 eV for the polymer IP, and up to 0.1 eV for the siloles, meaning that assigning an exact value 
to the binding energy is not possible.. 
/nm 
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                       5.1  
Photoluminescence data, collected in an integrating sphere and plotted without normalisation other than 
to correct the data for the number of absorbed photons, are shown in Figure 5.5. These data show that 
the absolute yield of red-shifted emission increases with the energy offset ΔEcs across the blends and in 
particular is highest in blends of PyPySPyPy with TFB and with TFMO. 
 
Figure 5.4: Peak normalised steady state photoluminescence spectra for polymer:acceptor 
blends, showing the spectrum of  the pristine polymer (black line), acceptor blended with 
polystyrene (grey line) and a blend containing 50 wt% acceptor (coloured line). Excitation of  
pristine materials is at their wavelength of  maximum absorption (379 nm, 388 nm, 376 nm, 384 
nm and 393 nm for PyPySPyPy, F-silole, PFB, TFB and TFMO respectively); the blends are 
excited at the polymer absorption maximum. Inset to a) shows the quenching of  the polymer 
photoluminescence in TFB:PyPySPyPy 
/nm 
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Figure 5.5: Emission spectra of  blends containing 50 wt% acceptor, showing increasing 
emission intensity with increasing exciplex energy. Spectra are collected in an integrating sphere 




















of  long 
















5.3 2.9 2.4 
(517) 
2.42 (512) 336 2.48 2.82 1.58 0.30 
TFMO: 
PyPySPyPy 
5.2 2.9 2.3 
(539) 
2.38 (520) 434 3.75 3.26 1.54 2.9x10-3 
PFB: 
PyPySPyPy 
5.1 2.9 2.2 
(564) 
2.28 (544) 567 5.64 3.04 2.41 0.91 
TFB:F-silole 5.3 3.0 2.3 
(539) 
2.37 (524) 476 9.89 1.52 2.64 4.1 
TFMO:F-
silole 
5.2 3.0 2.2 
(564) 
2.31 (536) 560 11.70 1.59 2.54 4.3 
PFB:F-silole 5.1 3.0 2.1 
(590) 
2.18 (568) 588 11.80 1.57 2.83 3.8 
Table 5.3: Summary of  energy and decay lifetime of  exciplex emission, and relationship to 
charge generation and external quantum efficiency 
5.3.3 Time resolved photoluminescence 
Time resolved single photon counting was used to measure the photoluminescence decay transients at 
two wavelengths for each sample – the wavelength of  the pristine polymer exciton and the maximum 
wavelength for the red-shifted blend emission.  
The emission lifetime (calculated as the 1/e decay time) for the polymer exciton is comparable to the 
instrument response time (~240 ps) for both the pristine polymer and blend in all cases and so detailed 
information on the quenching dynamics of  the polymer exciton is not available using this technique. 
/nm 
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Ultrafast measurements of  the PFB and TFB decays were presented in Chapter 4 and show that the decay 
lifetimes are 200 ps and 88 ps respectively.  
The blend decays at long wavelength (Figure 5.6) all have a similar form with several decay components, 
and require at least two exponentials to provide a satisfactory fit. They consist of  a fast phase with a sub-
nanosecond 1/e decay time (Table 5.3), and a long lived „tail‟ in the decay which persists beyond 20 ns 
and is shown in the inset to Figure 5.6 (decay constants given in Table 5.3). This long-lived decay is 
qualitatively different from both the polymer and acceptor emission (PFB:PyPySPyPy shown in Figure 5.7 
by way of  example). The lifetime of  both decay components were calculated by nonlinear least-squares 
fitting of  the data to a biexponential function convolved with the instrument response, as described in 
Chapter 3. The slow component lifetime increases with ΔEcs (Table 5.3) and is markedly longer for the F-
silole blends than the PyPySPyPy blends.  
  
Figure 5.6: Decay curves at the maximum „exciplex‟ emission wavelength for the 1:1 polymer: 
PyPySPyPy and polymer:F-silole blends. Excitation used a 404 nm laser diode.  
 
Figure 5.7: Comparison of  PFB: PyPySPyPy exciplex emission (568 nm) with pristine polymer 
(550 nm) and PyPySPyPy (490 nm) alone. All samples were excited using a 404 nm laser diode. 
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5.3.4 Transient absorption spectroscopy 
Transient absorption spectroscopy was used to probe the formation of  polarons in blend films, using a 
pump wavelength of  400 nm. Transient spectra were measured at 10 microseconds, at which time the 
emission is expected to have decayed completely. All six blends showed a similar transient spectrum, with 
a broad, weak absorption feature observed from 800-1600 nm for all blends, and most prominent in the 
PFB:F-silole blend shown in Figure 5.8.  
 
Figure 5.8: PFB:F-silole blend transient absorption spectrum, measured at 10 µs under 26.9µJ cm-
2 400 nm dye laser excitation (symbols), and absorption spectrum of  polymer polaron obtained 
by chemical oxidation of  PFB in solution (solid line)  
Chemical oxidation experiments in solution using the one-electron oxidising agent tris-4-
bromophenylaminium hexachloroantimonate (see Chapter 4 and Appendix 4) support the assignment of  
this absorption to the polymer radical cation. The absorption spectra of  PFB+., TFMO+. and TFB+. are 
shown in Figure 5.9 and demonstrate the appearance of  a broad feature in the absorption spectrum 
extending to 1200 nm, whose extinction coefficient can be measured by taking the slope of  a plot of  
absorption against polaron concentration (itself  calculated from the oxidant concentration by performing 
a concomitant one-electron oxidation of  spiro-OMeTAD, a hole transporting material often used in 
solid-state dye-sensitised solar cells, and whose extinction coefficient is known[137]). Full data for the 
extinction coefficient calculation are given in Appendix 4. 
/nm 
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Figure 5.9: Absorption spectra of  polymer radical cations. Calculation of  extinction coefficients 
at 950nm are given in Appendix 3 
Spiro-OMeTAD is also used to rule out the presence of  silole anions in this wavelength range of  the 
transient spectrum. Charge separation in a blend of  spiro-OMeTAD with PyPySPyPy was observed in 
transient absorption as a large peak beyond 1200 nm (known to correspond to the radical cation of  spiro-
OMeTAD[138]), but negligible absorption was observed in the region 900-1000 nm (maximum ΔOD 10-
6). Therefore any transient absorption in this region in the polymer:silole blends must arise from the 
polymer only. A wavelength of  950nm was selected for the charge kinetic studies in order to probe the 
polymer polaron directly.  
 
Figure 5.10: Decay kinetics probed at 950 nm (excitation at 400 nm) for the six donor:acceptor 
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Decay kinetics for all six blends of  50 wt% acceptor were measured at 950 nm in the 1 µs-1 ms time 
range and are shown in Figure 5.10, as the yield of  polarons. The yield of  polarons is calculated using 
Equation 5.2, assuming the validity of  the Beer-Lambert law, where Δ   is the observed change in 
absorbance of  the sample,          is the polaron absorption coefficient expressed in units of  mol-1dm-
3cm-1,     is the excitation wavelength in nm,   is the incident photon energy density (70 µJcm-2),     is 
the ground state absorbance of  the sample at the pump wavelength (400 nm in this case), and   ,   and 
  are Avogadro‟s number, Planck‟s constant and the speed of  light respectively. The resulting quantity is 
dimensionless and is expressed as a yield, since the sampled area and the film thickness cancel with the 
volume denominator in the concentration derived from the Beer-Lambert law. 
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5.2  
All six show power law decay kinetics (ΔOD ~ t-α with α = 0.2-0.35), characteristic of  diffusion limited 
recombination of  trapped charges[103, 139]. The form of  the decay kinetics is independent of  the 
materials in the blend, since all blends have a similar exponent. However, increased amplitude is generally 
observed for the F-silole blends, and the lowest polaron yields are obtained for the TFMO:PyPySPy and 
TFB:PyPySPyPy blends. The values of  polaron yield at 10 µs are shown in Table 5.3. Extrapolating back 
to „zero‟ time (1 ns, the duration of  the pump pulse), this corresponds to around 1 polaron for every ten 
absorbed photons.  
5.3.5 Device external quantum efficiency  
Photovoltaic devices were prepared using a standard configuration (ITO/PEDOT:PSS anode, Al 
cathode), and external quantum efficiency (EQE) measured as described in Chapter 3. The films were 
spun from 20 mg/ml chlorobenzene solution containing 50% silole acceptor by weight (film thicknesses 
given in Table 5.2). The shape of  the EQE spectrum matches the absorption spectrum of  the blend well 
(Figure 5.11b). Clear enhancement is seen in the EQE of  F-silole devices compared to PyPySPyPy 
devices. Devices using P3HT as the donor polymer also showed an improvement in short circuit current 
from 0.009 mA/cm2 with PyPySPyPy to 0.027 mA/cm2 with F-silole[140]. The PFB:PyPySPyPy device 
shows a slightly enhanced EQE than the other PyPySPyPy blends, in line with the improved charge 
generation in this film. The EQE of  the best performing blends (around 4 %), is equivalent to an internal 
quantum efficiency (dividing the EQE by the fraction of  photons absorbed) of  8 %, which is more than 
an order of  magnitude larger than the charge generation yield at 10 µs given in Table 5.3. This is 
reasonable given that the external quantum efficiency measurement is performed at short circuit while the 
transient absorption is performed without electrodes and the charges decay by recombination. By 
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extrapolating the charge kinetics back in time, it is estimated that most of  the charges giving rise to a 
photocurrent are removed at times earlier than 1 µs.  
a)  b)  
Figure 5.11: a) EQE in the region 300-450 nm for bulk heterojunction polymer:silole devices. The 
F-silole blends consistently have EQEs greater than the PyPySPyPy blends. b) EQE compared 
to the absorption spectra of  the polymer and blend films for a blend of  TFMO with PyPySPyPy, 
showing good overlap with the absorption spectrum. The EQE is slightly higher than the 
absortion spectrum at long wavelengths, indicating that absorption is increased near the 
cathode, in consequence of the electron mobility being higher than the hole mobility 
5.3.6 Blend morphology 
The surface morphology of  the blend films was probed with atomic force microscopy (AFM) in close 
contact mode. The films are all rather flat, with RMS roughness value of  around 2 nm over a 4 μm2 area. 
The data for blends with TFB are shown in Figure 5.12. Analysis of  the feature separation in the two 
blends (by taking the peak separation from an average of  three line profiles for each sample) show that 
the degree of  phase separation in the F-silole blend is higher than in the PyPySPyPy blend (average 
separation 22±5 nm in TFB:silole and 37±5 nm in TFB:F-silole). 
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 TFMO:F-silole normalised EQE
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a)    b)    
c)  d)  
Figure 5.12: Close contact mode AFM images of  TFB: PyPySPyPy (a. c) and TFB:F-silole (b, d) 
films on Spectrosil B substrates (vertical scale = 2.70nm). There appears to be a greater degree 
of  phase separation in the F-silole blend 
5.4 Discussion 
The low energy featureless emission with a long emissive lifetime observed in blends of  polyfluorenes 
with silole-based acceptors is assigned to the formation of  an exciplex or emissive charge-transfer state at 
the interface[57, 59-60, 62, 65, 117]. The decay lifetimes of  this emission are between 2 and 11 
nanoseconds, significantly longer than either of  the blend components in all cases, and comparable to 
measured lifetime for many other examples of  charge transfer emission in solid-state blends, for example 
4 ns in Veldman et al[51] and 3 ns in Loi et al[141] for blends of  PF10TBT:PCBM and PF8TBT:PCBM 
respectively, a few nanoseconds for PPV blends[73] and around 50 ns for TFB:F8BT and 
PFB:F8BT[117].  
5.4.1 Yield of  exciplex emission 
Figure 5.4 shows us that there is clear variation in the fractional contribution of  the exciplex to the total 
blend emission. Specifically, the relative size of  the polymer exciton peak appears to be larger in the 
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blends employing F-silole as electron acceptor. From the data shown in Figure 5.5, however, we see that 
the normalised spectra do not demonstrate the effect of  the yield of  exciplex emission. While we can 
estimate the relative contribution of  exciton and exciplex emission to the blend spectrum by calculating a 
simple ratio of  the amplitude of  the emission at the peak of  the low-energy emission peak and at the 
pristine polymer emission peak, and determine that the ratio is larger for blends with PyPySPyPy(see 
Table 5.3)1, Figure 5.5 shows that the emission yield, both of  the exciplex, and in most cases of  the 
polymer exciton, decreases with decreasing exciplex emission energy, particularly in the case of  blends 
composed of  F-silole.  
5.4.2 Charge-transfer character of  emissive excited states: the role of  energy 
levels 
An exciplex or interfacial excited state between materials of  differing redox properties can be classified in 
terms of  the extent of  charge transfer character it possesses. This approach was taken by Huang et al[71] 
and earlier by Gould et al[142] (who interpreted the results of  exciplex emission studies in solution[143]). 
The electronic excited state can be described by taking a linear combination of  pure ion pair and pure 
localised exciton states (ψ0 is the ground state; in most cases its contribution is small). 
           ψ                 ψ           ψ  5.3  
The extent of  charge transfer character in the excited state determines its emission properties: if  the 
wavefunction of  the state is dominated by charge transfer interaction, the excited state more closely 
resembles an ion pair and has a typically small emission quantum yield and radiative decay rate. 
Conversely, when the first term in Equation 5.3 is large, the excited state possesses greater „excitonic‟ 
character and has a higher emission quantum yield and shorter lifetime.  
A crucial parameter in determining the extent of  charge transfer in the excited state is the energy 
mismatch between the localised exciton state and the dissociated charge pair (the contact radical ion pair). 
In the study of  PFB and TFB blended with F8BT the increase in the energy level offset at the interface 
resulted in an increased fraction of  interfacial states assigned to polaron pairs rather than exciplex or CT 
exciton states when the donor polymer was PFB rather than TFB[71]. We can see from Figure 5.5 and 
Figure 5.6 that the amount of  emission from the exciplex is larger, and the lifetime smaller, when the CT 
state energy is higher, implying a greater amount of  local exciton character in the excited state described 
by Equation 5.3. The correlation between exciplex emission properties and the energy mismatch between 
exciton and charge pair states (which can be considered to be equivalent to ΔG, the driving force for 
charge separation) is not exact (for example, TFMO:silole has a higher than expected emission yield). In 
                                                     
1 This is the same approach taken by Morteani et al in their study of  PFB:F8BT[117], who plotted this ratio against 
inverse temperature and in order to derive activation energies for the endothermic energy transfer process from 
exciplex to exciton. It should be noted that the exciplex peak in our blends is not as well separated from the exciton 
as in the F8BT blends in Reference [117]. 
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the emission of  the films, and notably in the charge and device data, we see a large difference between the 
PyPySPyPy and F-silole blends.  
5.4.3 The role of  morphology 
In a previous study on the TFMO: PyPySPyPy system[57] the relationship between blend morphology 
and exciplex formation was examined by comparing the amount of  delayed exciton emission in blends 
prepared using different spin-coating solvents (to vary the degree of  phase segregation). Delayed exciton 
emission is assigned in this and related systems to the „recycling‟ of  the initially formed exciplex into the 
polymer exciton by thermal excitation[57]. In that study, blends prepared by spin-coating from para-
xylene contained larger domains, and correspondingly smaller interfacial surface area, than blends 
prepared using chlorobenzene. This blend gave rise to a lesser amount of  exciplex emission, and a greater 
amount of  delayed emission from the „recycled‟ polymer exciton. 
In the blends studied here, increased exciplex emission is also observed in the PyPySPyPy films relative to 
the F-silole blend films, and the morphology measurements shown in Figure 5.12 do suggest that the 
interfacial area is larger in these blends (at least in the case of  blends prepared using TFB), and the extent 
of  phase segregation accordingly smaller. The improved charge generation yields in the F-silole blends 
may be explained on the basis that an increase in the domain size increases the likelihood that the charges 
may escape one another before the charge transfer state recombines[125], an effect that may be enhanced 
by an increase in the dielectric screening in larger domains[51].  
While the atomic force microscopy images allow us to infer selected properties of  the polymer:silole 
films, the details of  the morphology are not well understood (the spatial resolution of  our experiment is 
limited to a few nm), and the structure of  the heterojunction cannot be probed by this technique. 
Secondly, the increased interfacial area in the PyPySPyPy blends is not consistent with the apparently 
decreased quenching (Figure 5.5) of  the polymer photoluminescence in those blends, other than in the 
case of  PFB. Changing the morphology by changing the component materials in the blend does not allow 
us to only view the effect of  phase segregation on optoelectronic properties as it may also lead to effects 
resulting from other changes to the molecular structure of  the materials. We can posit that the increase in 
charge generation in F-silole films may have some origin in the morphology, but conclude that this 
system, in common with many others, demonstrates that in disordered organic films, energetic and 
morphological properties are closely interlinked, and further study (Chapter 7) is required to separate 
them.  
One facet of  the data presented above which may have its origins in the film morphology is the large 
difference in external quantum efficiency between the blends made with each acceptor. Comparing the 
polaron yield from TAS with the EQE data, we note that although the F-silole blends tend to have a 
higher charge generation yield, the difference in EQE is much higher (by a factor of  around three) than 
the change in polaron yield at 10µs, showing that changing the silole has a stronger effect upon EQE than 
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on ΔOD. This might indicate that the morphology is important in controlling the charge transport 
pathways available to photogenerated charges within the film[12, 144-146], that is in influencing the rate 
of  bimolecular recombination. Although detailed device studies were not possible, an investigation of  the 
bimolecular recombination kinetics (for example, using transient photovoltage measurements[85]) could 
help to indicate the extent to which the film morphology is responsible for this observation. 
5.4.4 Relationship of  exciplex emission to charge separation 
The relationship between interfacial emission and charge separation has been the subject of  some debate 
in the literature, as has been amply discussed elsewhere in this thesis. Previous studies, in particular [51], 
have shown that interfacial surface area has a strong influence upon the amount of  interfacial emission in 
the film (and indeed that the emission is truly interfacial). The field dependent quenching of  interfacial 
emission observed in organic blends was assigned in reference [51] to improved separation of  the charge 
transfer state at the interface.  
Our studies are compatible with a model in which the charge transfer (exciplex) state is separated more 
effectively in blends containing a stronger acceptor, and whose morphology features greater phase 
segregation. The increased charge generation yields in F-silole blends (Figure 5.10) may also result from 
the greater amount of  CT character in the excited state.  
5.5 Conclusions  
Silole electron acceptors blended with a series of  polyfluorene copolymers exhibit  emission from 
interfacial charge transfer (exciplex) states, whose emission energy correlates well with the energy gap 
between the HOMO of  the donor and the LUMO of  the acceptor, ΔEcs. Decreased exciplex energy 
corresponds to longer emissive lifetimes and a lower yield of  exciplex emission. These changes in the 
exciplex emission properties are consistent with the suggestion that the lower energy exciplexes (formed 
in blends with a larger energy mismatch between the localised excitation and the charge pair) have greater 
charge transfer character. F-silole blends also appear to more effectively separate charge, as shown by 
transient absorption spectroscopy measurement of  the polymer polaron.  
The surface morphology of  selected blends appears to show that the phase segregation is increased in 
blends using the fluorinated acceptor F-silole. This is consistent with the improved charge generation 
yield in the F-silole films, with larger domains giving rise to more efficient charge separation, and may 
partially explain the low emission quantum yield of  the exciplex in F-silole blend films (a result of  the 
lower number of  interfacial sites for exciplex formation) in addition to the increased charge transfer 
character in the excited state.  
F-silole also leads to higher photocurrent quantum efficiencies in devices than the unsubstituted analogue. 
This is attributed to the higher charge generation yield, and also to the larger domains in the film which 
may provide improved charge transport properties. 
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This blend system is not likely to be a viable one for solar cells due to the rather low external quantum 
efficiencies (less than 5%, a consequence not only of  the low charge generation yield but also the poor 
visible absorption of  the materials). Nevertheless, the data in this chapter present a consistent model of  
the interfacial state in these blends, and suggest that the polymer:silole system provides a useful system in 
which to understand the effect of  material parameters upon exciplex emission. 
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Abstract 
The photophysical properties of a silicon-bridged indenofluorene copolymer are investigated using transient absorption 
spectroscopy and compared to reported data for a carbon bridged equivalent. The substitution of silicon atom into the 
indenofluorene unit causes an increase in the ionisation potential and an increase in the energy of the polymer triplet, shown 
by spectroscopy and predicted by quantum chemical calculations. Transient spectroscopic studies show that in pristine polymer 
films and in blends with PCBM, the polymer triplet state is produced in a high yield, which is increased upon the addition of 
a small fraction of PCBM to the blend film. The decay lifetime of the polymer triplet also decreases upon increasing the 
weight fraction of PCBM in the blend. Our experimental results suggest that this is not due to charge separation from the 
triplet state, but may arise instead from a triplet-triplet energy transfer process involving the fullerene PCBM, a process more 
efficient in the silicon-bridged polyindenofluorene on account of its higher triplet energy.  
6.1 Introduction 
Polyfluorene copolymers represent a rich source of variation and properties, with a wide range of 
applications in organic electronics. In solar cells, as mentioned in Chapter 4, reasonably good device 
performance has been obtained using polyfluorene polymers including a thiophene-benzothiadiazole-
thiophene unit; the polymers PF10TBT[51] and F8TBTT, also known as APFO-3[147-149], are well-
known examples, whose photophysical properties have been studied in depth. As noted in Chapter 4, the 
charge separated state energy of many of these polyfluorenes is higher than 1.6 eV, and the absence of 
significant energy loss through fullerene emission and triplet formation is believed to arise from the low 
energy transfer rate in this blend, as a consequence of its red-shifted emission[92, 127]. 
Polymers containing an indenofluorene unit instead of fluorene (Figure 6.1) are receiving increased 
attention for organic electronics on account of their potential for high hole mobility[150] and improved 
molecular packing[151]. In photovoltaic applications[152] polyindenofluorene copolymers have been 
shown to give rise to device performances of over 2 %[127], and the development of 
polyindenofluorenes to improve device performance is of great interest.  
a)  b)  
Figure 6.1: a) Fluorene and b) indenofluorene 
The main polymer of interest in this chapter is the silicon-bridged indenofluorene copolymer poly[2,8-
(6,6,12,12-tetraoctylsilaindenosilaﬂuorene)-co-5,5-(4‟,7‟-di-2-thienyl-2‟,1‟,3‟-benzothio-diazole] 
(SiIFTBTT). This is the silicon bridged analogue of the polymer poly[2,8-(6,6,12,12-
tetraoctylindenoﬂuorene)-co-5,5-(4‟,7‟-di-2-thienyl-2‟,1‟,3‟-benzothio-diazole] (IFTBTT) studied in 
Reference [127]. As shown in reference [127] and noted in Chapter 4, the device power conversion 
efficiency is reasonably high in IFTBTT:PCBM devices in spite of a high charge separated state energy, 
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on account of the limited role played by energy transfer to PCBM. Moreover, silicon substitution has 
been shown in some polymer systems to lead to an improvement of morphology or device 




Figure 6.2: Indenofluorene polymers studied in this chapter a) IFTBTT, b) SiIFTBTT 
6.2 Experimental details 
The samples prepared for this study are listed in Table 6.1. Absorption spectra were measured in 
chlorobenzene solution and in films spun from chlorobenzene (typical film thickness 80 nm). 
Photoluminescence measurements were taken on the same films as used for absorption; some data for 
IFTBTT was taken from reference [127] and measured by Ying Soon (Department of Chemistry, 
Imperial College). Samples for transient absorption spectroscopy were cast from chlorobenzene solution. 
Transient absorption measurements of films were carried out under flowing nitrogen, or in a sealed 
cuvette filled with oxygen.  
Tetracene sensitisation experiments (Chapter 3) were carried out in oxygen-free toluene solution using a 
tetracene concentration of 4.4x10-5M (0.01 mg/ml) and a polymer concentration of 1x10-4mg/ml. The 
polymer solution was added to the tetracene in 50 µl aliquots and the concentration plotted on the 
abscissa of Figure 6.4 are corrected for the molar mass of the monomer. The „signal height‟ is defined as 
the prefactor   in a single exponential fit to the data of the form        and is corrected for the 
absorption at the excitation wavelength of 337 nm.  
Solution measurements of ground state and triplet absorption coefficients of the polymers were carried 
out in oxygen-free toluene solution. The measurements were carried out using a solvent saturated stream 
of flowing nitrogen, described in Chapter 3. Transient absorption spectra under 337 nm excitation were 
recorded and plotted by averaging the time-resolved data over several time ranges 1 μs in width. 
Device parameters were kindly measured by Dr Tiziano Agostinelli. Devices were prepared in standard 
configuration with polymer:PCBM active layer, ITO/PEDOT:PSS anode and Al top cathode. Device 
parameters were measured using AM1.5 illumination (1 sun equivalent) in a custom built sample chamber 
under flowing nitrogen.  
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Sample Details 
SiIFTBTT solution Dissolved in toluene on to a concentration of 3x10-
2 mg/ml or 1x10-4 mg/ml for triplet sensitisation 
experiment 
IFTBTT solution 
SiIFTBTT pristine film Spin coated from chlorobenzene at 1200 rpm for 1 
minute  
SiIFTBTT:PCBM films 5 wt%, 50 wt%, 75 wt% PCBM in chlorobenzene 
solution, spin coated at 1200 rpm for 1 minute  
Table 6.1: Samples prepared for SiIFTBTT study 
6.3 Results 
6.3.1 Polymer energy levels 
The HOMO energy levels of the polymers were measured by Dr Scott Watkins at CSIRO, Australia, 
using photoelectron spectroscopy in air (PESA). For IFTBTT the HOMO level was measured at -5.6 eV 
(relative to the vacuum level). For SiIFTBTT the same measurement gave a HOMO energy of -5.9 eV. 
This high oxidation potential prevented the measurement of the SiIFTBTT extinction coefficient  using 
chemical oxidation by tris-4-bromophenylaminium hexachloroantimonate (TBPHA) to be measured (the 
extinction coefficient of the IFTBTT was measured at ~24,000 dm3mol-1cm-1, since the HOMO level of 
SiIFTBTT lies below the oxidation potential of the oxidising agent (around 1.4 V vs standard hydrogen 
electrode, corresponding to approximately -5.7 eV). A higher ionisation potential in SiIFTBTT compared 
with IFTBTT is also predicted by density functional theory calculations, which for a monomer unit 
predict the HOMO level to lie 0.11 eV lower in energy for the Si than the C-bridged polymer (for a dimer 
the difference is 0.10 eV). By comparison with the experimentally determined value for the IFTBTT 
ionisation potential, this would place the HOMO level slightly below the oxidation potential of the 
TBPHA (Figure 6.3).  
 
Figure 6.3: Energy levels of IFTBTT and SiIFTBTT determined from experiment (photoelectron 
spectroscopy in air, PESA) and from TD-DFT calculations on dimers 
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6.3.2 Triplet energy 
A lower bound for the triplet energy in SiIFTBTT can be obtained by carrying out a triplet energy 
transfer experiment using tetracene as a sensitiser, with a known triplet energy of 1.27 eV. As shown in 
Figure 6.4, the addition of SiIFTBTT to a solution of tetracene causes an increase in the transient 
absorption signal corresponding to the tetracene triplet (measured at 500 nm, Figure 6.4a). IFTBTT does 
not similarly sensitise tetracene, therefore its triplet energy is lower than 1.27 eV. 
  
Figure 6.4: a) Spectrum of tetracene in oxygen-free toluene solution, showing a peak due to the 
tetracene triplet. b) Size of tetracene triplet signal (height of trace) as polymer is added to an 
oxygen-free toluene solution. The addition of SiIFTBTT results in triplet energy transfer to 
tetracene, indicating a triplet energy higher than 1.27 eV. No such increase is observed for 
IFTBTT, indicating that its triple energy is lower than 1.27 eV 
6.3.3 Device performance 
The device data, measured by Dr T Agostinelli under 1 sun AM 1.5 illumination are shown in Table 6.2 
and demonstrate a large decrease in device performance for the silicon bridged polymer in comparison 
with the carbon-bridged equivalent. The decreased performance is largely due to a decreased fill factor 
and very low short circuit current. 
Polymer Voc/V Jsc/mAcm-2 Fill factor PCE/% 
IFTBTT  0.97 4.85 0.43 2.1 
SiIFTBTT 0.63 0.44 0.26 0.07 
Table 6.2: Device data for IFTBTT and SiIFTBTT polymers 
For IFTBTT, which provided fairly good device performance, a composition dependent study reveals 
that the device performance is optimised for high fullerene loading in the film. A detailed composition 
dependent study was not carried out for SiIFTBTT due to the low device performance, but the best 
efficiency of 0.07 % was achieved for a blend containing 50 wt% PCBM (a blend containing 75 wt% 
PCBM gave a slightly lower efficiency). 
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Table 6.3: Device performance and active layer film thickness for IFTBTT devices as a function 
of fullerene content 
6.3.4 Absorption and photoluminescence spectra 
The thin film absorption spectra for IFTBTT and SiIFTBTT are shown in Figure 6.5. The silicon 
substitution induces a blue shift in the spectrum and an increase in the relative oscillator strength of the 
lower energy transition between 500 and 600nm.  
 
Figure 6.5: Thin film absorption spectra of IFTBTT (red line) and SiIFTBTT (black line) 
Steady state photoluminescence spectra are shown in Figure 6.6 for the pristine polymers and for blends 
with PCBM, and Table 6.4 shows the percentage of polymer PL which is quenched by PCBM. The 
amount of quenching is slightly decreased in SiIFTBTT.  
 























% in IFTBTT 
Thickness  
/ nm 
Voc /  
V 
Jsc /  
mAcm-2 
FF PCE /  
% 
50 140 0.827 1.36 0.249 0.281 
66 130 0.872 2.67 0.272 0.636 
75 120 0.919 4.37 0.401 1.61 
80 120 0.964 4.51 0.427 1.86 
/nm 
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Figure 6.6: Photoluminescence spectra of IFTBTT and SiIFTBTT pristine and blend films. 
IFTBTT data taken from reference[127] 
Polymer  Wt% PCBM  % Quenching  
IFTBTT* 5  92%  
50  >99%  
75  >99%  
Si-IFTBTT  5  90%  
50  94%  
75  96%  
Table 6.4: PL quenching in polyfluorene:PCBM blends *IFTBTT data taken from reference[127] 
 
6.3.5 Transient absorption spectroscopy 
The transient absorption spectra of pristine SiIFTBTT film and a blend containing 50 wt% PCBM are 
shown in Figure 6.7a and Figure 6.7b. Also shown (Figure 6.7c) is a comparison of the transient spectra 
of SiIFTBTT in toluene solution and in the film, showing a slight red shift in film relative to the solution, 
consistent with aggregation of the molecules in the solid state. The data shown in Figure 6.7a and b were 
measured with a pump intensity of 5µJcm-2 at 500 nm, while the data in Figure 6.7c employed a higher 
intensity excitation (175 µJcm-2) using a shorter wavelength laser. Nevertheless, Figure 6.7d shows that 
the transient spectra did not change appreciably under these different excitation conditions.  
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a)  b)  
c)  
d)  
Figure 6.7: TAS spectra at a range of timescales for a) pristine SiIFTBTT film and b) blend 
containing 50 wt% PCBM. The pump wavelength was 500 nm and intensity was 5 µJcm-2. c) 
shows the transient absorption spectra at 4-5 µs in film and solution, demonstrating a significant 
red shift in the film. The spectra of the pristine film at 2-3 µs under 337 nm 175 µJcm-2 excitation 
is comparable within experimental error (d).  
The decay kinetics of films containing 5%, 50% and 75% PCBM, measured at 950 nm, are presented in 
Figure 6.8. The decay kinetics contain two distinct components: an exponential phase and a longer-lived 
power law decay. In the reported study of IFTBTT[127], the fast monoexponential part of the decay fit 
was assigned to the polymer triplet state and the slower power law decay was assigned to the polymer 
polaron, based upon the power law decay form (characteristic of the recombination of trapped charge 
carriers [103]). This is supported by chemical oxidation experiments (as described in Chapter 3 and 
Appendix 3) which show that the polymer radical cation absorbs at wavelengths from 700-1000 nm. The 
picture of coexistence of polarons and triplets is further supported by the observation that device 
performance is optimised for blends containing high amounts of PCBM, in which the power law part of 
the decay observed in transient absorption was highest (transient data up to 75% PCBM shown in 
Reference [127]).  
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Figure 6.8: Decay kinetics fitted to a sum of an exponential and a power law decay y=y0+Ae-
t/τ+Ctα 
We use the same assignment for the exponential and power law parts of the decay dynamics at 950 nm in 
the SiIFTBTT blends noting that the assignment of the polaron is made based upon the power law decay 
dynamics, since chemical oxidation and spectroelectrochemical measurements of the radical cation 
absorption spectrum in SiIFTBTT proved inconclusive. The assignment of the monoexponential phase 
to the triplet state is made on the basis of quantum chemical calculations by Jarvist M Frost, which show 
that the difference in energy between the first and second triplet states in dimer models of SiIFTBTT and 
IFTBTT does not differ by more than 0.1 eV between polymers, suggesting  that the triplet-triplet 
absorption spectra will be similar and therefore that the exponential phase of the decay at 950 nm is due 
to the triplet state in both IFTBTT and SiITBTT. Oxygen quenching measurements of pristine 
SiIFTBTT and a SiIFTBTT:PCBM blend (50 wt% PCBM) presented in Figure 6.9, also appear to support 
this assignment on account of the significant reduction in the monoexponential lifetime of the decay 
which follows the introduction of oxygen to the sample. The power law component of the decays appear 
unaffected by the introduction of oxygen. 
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Figure 6.9: Decay dynamics of a) pristine SiIFTBTT film 0-10 μs shown and b) 
SiIFTBTT:PCBM 50% blend film in oxygen-free and oxygen-rich environments. In the pristine 
film, the decay lifetime is shortened from 1.8 µs to 1.0 µs, while in the blend the exponential 
lifetime is shortened from 1.2 to 0.6 μs.  
The results of a fit to the data comprising a sum of single exponential and power law decay are given in 
Table 6.5.  
Parameter pristine 5% blend 50% blend 75% blend 
A 2.25 x 10-4 2.56 x 10-4 1.85 x 10-4 3.57 x 10-5 
τ 2.67 x 10-6 1.63 x 10-6 1.24 x 10-6 2.23 x 10-7 
C 2.88 x 10-9 6.01 x 10-10 2.48 x 10-10 5.69 x 10-11 
α -0.73 -0.89 -0.92 -1.00 
y0 4.47 x 10-21 6.84 x 10-6 5.79 x 10-6 7.18 x 10-6 
Power law amplitude 
at 1 µs  
6.91 x 10-5 1.31 x 10-4 8.21 x 10-5 5.69 x 10-5 
Table 6.5: Fit parameters for the function y=y0+Ae-t/τ+Ctα and calculated power law amplitude 
at 1 µs.  
The fit parameters A (the pre-exponential factor) and τ (the exponential decay lifetime) are associated 
with the polymer triplet yield and the triplet decay lifetime respectively. These are depicted in Figure 6.10 
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Chapter 6 – Triplet photophysics in an indenofluorene copolymer 
 
| 128  
 
 
Figure 6.10: Exponential decay lifetime and pre-exponential factor A as a function of PCBM 
concentration 
Upon addition of a small amount of PCBM to the polymer film, the initial yield of triplets increases. This 
provides strong evidence for the formation of polymer triplets by a recombination mechanism involving a 
charge-transfer species[110], since the strong photoluminescence quenching in the blend film would 
imply a decrease in the yield of triplets formed by direct intersystem crossing from the strongly reduced 
population of singlet excitons in the polymer. Upon further addition of PCBM, the yield of polymer 
triplets is reduced, which is consistent with a model based on a change in the „branching ratio‟ between 
triplet states and interfacial species located at the heterojunction such as charge transfer states or polaron 
pairs. However, this is not consistent with the amplitude of the power law decay at 1 µs, interpreted as the 
relative yield of charges, which also decreases upon the addition of PCBM. This result is in contrast with 
the reported data for the carbon bridged polymer IFTBTT[127], which shows an increased polaron yield 
for blends with a higher loading of PCBM). The values of polaron absorbance in the film, corrected for 
film absorbance, also suggest that charges are generated in this polymer with a yield around 1/5 of that 
recorded in IFTBTT, assuming no difference in the polymer polaron extinction coefficients (since the 
extinction coefficient of SiIFTBTT.+ could not be measured). This partially accounts for the reduced 
short circuit current in the SiIFTBTT devices. That the short circuit current in SiIFTBTT devices is 1/10 
of the value observed in IFTBTT suggests a role for non-optimum charge extraction and bimolecular 
recombination (also related to the low device fill factor) 
The measured data for the exponential decay constant, i.e. the triplet lifetime in the polymer, shown in 
Figure 6.10, demonstrate an interesting and heretofore not well reported trend, which is that the lifetime 
of the triplet state itself decreases upon the addition of PCBM. Fitting of the data reported in [127] 
demonstrates that in blends using IFTBTT, there is a decrease in the triplet lifetime between 5 and 75 % 
PCBM of around 40 %, while in SiIFTBTT, the lifetime is decreased by more than 85 %. While a 
modulation of the branching ratio between the formation of triplets and other interfacial states (such as 
singlet or triplet charge-transfer states, or free charges) from the initially formed singlet would be 
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expected to make a difference to the yield of triplets formed in the blend film, such a model cannot 
explain the reduction in the triplet lifetime itself. Some potential explanations for the reduction in 
monoexponential lifetime as a function of PCBM concentration are given next. 
Charge separation from the triplet state 
Charge separation from the triplet state of the light absorbing component is known to contribute to a 
large fraction of the photocurrent in dye-sensitised solar cells using organic or organometallic dyes 
covalently attached to the surface of a nanostructured metal oxide semiconductor[155]. In organic solar 
cells, triplet exciton injection has also been observed and in a bilayer structure of C60 and a combined 
donor-sensitiser containing an iridium compound: the increased lifetime and exciton diffusion length of 
triplet excitons produced by heavy atom assisted intersystem crossing were shown to lead to an increased 
power conversion efficiency[30]. In principle there is no reason why electron injection from a polymer 
donor to a fullerene acceptor cannot proceed via the polymer triplet state, provided the energy levels are 
suitably aligned. However, in the case of the SiIFTBTT:PCBM blend, such a mechanism seems unlikely. 
Firstly, the assumption that the polymer triplet is formed by intersystem crossing within, and back 
transfer from, the charge transfer state, suggests that the polymer triplet is lower in energy than the CT 
state, and that there would be some activation barrier to reforming the charge transfer state from the low-
energy triplet. Secondly, the experimental determination of the effect of oxygen quenching (Figure 6.9) 
demonstrates that although the triplet lifetime is decreased by the addition of oxygen to the film 
(representing the quenching of triplet states by energy transfer to oxygen), the yield of charges in the 
blend film is not reduced, as one might expect from a reduction in the triplet population.  
Triplet-triplet energy transfer 
Triplet-triplet energy transfer at the heterojunction between polymer and fullerene is a possible 
explanation for the decrease in triplet lifetime as the PCBM content of the film increases. The energy of 
the polymer triplet is located above 1.27 eV (Figure 6.4) and the energy of the triplet of PCBM has been 
measured to be around 1.5 eV[78]. Triplet energy transfer in this blend therefore requires the energy of 
the polymer triplet to be much higher than the 1.27 eV threshold demonstrated by the tetracene-based 
indicator experiment. Triplet-triplet transfer in the blend films would be expected to result in an increased 
yield of PCBM triplet formation observed in transient absorption spectroscopy. We have no conclusive 
evidence demonstrating this, although the spectra shown in Figure 6.7, do indicate an increased transient 
absorption around 700-800 nm in the blend film at microsecond timescales which is largely absent in the 
pristine polymer, and which could be a signature of the fullerene triplet. However, with the known triplet 
energies of PCBM (1.5eV) and the fact that even if higher than 1.27 eV, the triplet energy of the polymer 
is not expected to differ greatly from that of IFTBTT(given their similar absorption spectra and hence 
singlet energies [101]), suggest that the polymer is the triplet sink in this system, and that triplet-triplet 
transfer is not likely to be a satisfactory explanation. Studies in solution, and an accurate determination of 
the polymer triplet energy, are required to further investigate such a mechanism. 
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6.4 Conclusion 
In this chapter, the photophysical properties of a silicon-bridged indenofluorene copolymer SiIFTBTT 
were studied with reference made to related studies on the carbon-bridged equivalent, IFTBTT. The 
silicon bridged polymer, originally synthesised with the aim of improving power conversion efficiency, in 
fact led to a strong decrease in short circuit current and very low device efficiency. Transient absorption 
spectroscopy was used to study the photophysical properties of the excited states produced in this 
polymer in solution and film, as well as in blends with PCBM. The polymer is found to readily produce 
triplets upon photoexcitation, which have a monoexponential decay lifetime of a few microseconds and 
undergo quenching by molecular oxygen. In blends with PCBM, both the yield and the lifetime of 
polymer triplets are quenched as more PCBM is added to the blend. This also occurs in IFTBTT, but to a 
much lower extent (a reduction in lifetime of less than 40 % compared with over 85 % in SIIFTBTT). 
The reduction in yield may be assigned to a change in the branching ratio of polymer triplets and other 
excited states within the blend, but such a model cannot explain the change in the rate of triplet decay. A 
mechanism of triplet energy transfer to the PCBM is another explanation for the experimental data, but is 
disfavoured since the polymer is likely to be a triplet sink in this system.  The relationship of the triplet 
yield to the yield of generated charges in SiIFTBTT is not clear since it was not possible to measure the 
polymer extinction coefficient. Further study (Chapter 7) is required to investigate the charge yield in this 
system, and the extent to which that charge yield is responsible for the low device performance, and to 
characterise the triplet energy in the SiIFTBTT polymer more fully.  
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The preceding chapters have addressed the conditions for the formation of excited states in 
polyfluorene:small molecule organic blend films, and explored the ways in which they may act as energy 
loss pathways in organic photovoltaic devices, using polyfluorene blends as model systems. The overall 
intention of this work has been to understand the effect that the molecular energy levels and chemical 
structure have upon photophysical processes at the interface between polyfluorene donors and small 
molecular acceptors. In this chapter a summary of the key findings will be presented, with some 
suggestions for future work. 
Chapter 4 Conclusions and proposals for future work  
Chapter 4 presented a detailed series of measurements on polyfluorene:fullerene blends where the offset 
between donor HOMO and acceptor LUMO was systematically varied by utilising two polyfluorene 
polymers and three PCBM-related fullerene acceptors: PCBM, bis-PCBM and tris-PCBM. The acceptors 
bis- and tris-PCBM have the potential to improve organic solar cell performance through an increase in 
the open circuit voltage, but an improvement in PCE is not observed in blends with these emissive 
polyfluorenes, as a result of the decreased short circuit current density. Concomitant with the decreased 
device Jsc is the observation of fullerene excited states: both singlet states, which decay radiatively, and 
triplet states, which are observed in transient absorption experiments to decay with first order kinetics. 
The appearance of fullerene singlet emission and triplet transient absorption, and the reduction in device 
performance, occur when the alignment of energy levels at the donor:acceptor interface gives rise to a 
HOMOD-LUMOA energy difference of around 1.6 electronvolts or more.  
Photoluminescence excitation and transient absorption spectroscopy support a mechanism of resonant 
energy transfer from polymer to fullerene. This may be followed by charge separation by hole transfer, 
but in blends where the HOMOD-LUMOA energy difference (expressed as the charge separated state 
energy ΔEcs) is larger than the energy of the fullerene singlet, this quenching process is thermodynamically 
disfavoured. Changing the amount of spectral overlap between polymer emission and fullerene 
absorption by using an acceptor based on C70 is found to affect the yield of fullerene triplet formation, 
also supporting a resonant energy transfer mechanism.  
The results in this chapter show that the apparent 1.6 eV CS state energy threshold is generalisable over a 
number of polyfluorene:fullerene blends[92, 111, 114], and we suggest that it is related to the extent to 
which the fullerene exciton may be quenched by hole transfer. The presence of both hole and electron 
transfer in blend films implies that any discussion of the driving force for charge separation must include 
a consideration of the HOMO levels in the blend. It is only relatively recently that the kinetics of hole 
transfer have begun to be measured, despite the increasing attention being paid to systems in which 
fullerene light absorption is increased by using fullerenes such as PC70BM. The presence of both hole and 
electron transfer in polymer:fullerene blend films implies that reducing the polymer bandgap (to improve 
red light absorption) by bringing the LUMO level closer to that of the acceptor (Figure 7.1), may still 
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result in reasonable device performance (in spite of the decreased LUMO-LUMO ΔG) if the electron 
acceptor is able to harvest light or to accept energy from the absorbing species by a resonant mechanism. 
It should be noted that in polymer:PCBM cells, decreasing the polymer band gap in this way will also tend 
to reduce the overlap of the polymer emission and fullerene absorption (and thus the rate of energy 
transfer), but in blends using acceptors with different spectral profiles this could be surmounted. This also 
points to the potential for ternary blend systems utilising a mix of donor polymers to increase absorption 
across the visible spectrum (as has been shown for hybrid donor-acceptor composites[31] and 
P3HT:PCBM blends[156]). 
 
Figure 7.1: Lowering the donor bandgap may reduce ΔGLUMO and leave ΔGHOMO unchanged 
There are a range of techniques not accessible during this study which would help to elucidate the details 
of the charge transfer mechanism in these blends (and in other blends relevant to solar cells).  
Ultrafast Photoluminescence We had expected that energy transfer in these blends may be observable 
using ultrafast fluorescence spectroscopy as a rise time in the fullerene emission. However, the 
experimental setup used to collect the ultrafast data was unable to detect fluorescence at the fullerene 
emission wavelength of 720 nm due to the very low signal to noise ratio at wavelengths close to that of 
the gate pulse (800nm). We were therefore unable to measure any rise time associated with energy 
transfer to the fullerene singlet. Since the excitation beam in the upconversion experiment is the second 
harmonic of the fundamental employed for gating, higher gate wavelengths can be achieved if excitation 
at a wavelength longer than 400 nm is used, and attempts are currently being made to improve the signal 
to noise ratio at the wavelength of the fullerene singlet emission (720 nm) in order to access information 
about the formation of the fullerene singlet on very fast timescales. 
Long-wavelength photoluminescence The potential for CT state recombination to play a role in 
fullerene singlet and triplet generation means that in addition to the fullerene singlet, long wavelength 
emission from a polymer:fullerene charge transfer state may also occur. These measurements could help 
to understand the potential role of charge-transfer states in the charge separation mechanism. Charge-
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transfer emission has been observed in a range of polymer:fullerene blends, and indeed in a blend of 
TFMO with PCBM in reference [111], emission at around 850 nm indicates the potential presence of 
charge-transfer emission in this blend. Although our experiments were not sufficiently sensitive to probe 
charge transfer emission in TFB and PFB blends with multi-adduct fullerenes, the possible presence of 
such charge transfer emission raises the possibility of studying the properties and dynamics of the charge-
transfer state directly, and determining the extent to which direct CT recombination and energy transfer 
contribute to the losses in these blends.  
Ultrafast transient absorption spectroscopy Given that the rate of photoinduced charge transfer in 
polymer:fullerene blends is known to be extremely fast[95], resonant energy transfer must also be fast. 
The energy transfer mechanism requires intersystem crossing to occur subsequent to the energy transfer 
process. Transient absorption spectroscopy on femtosecond to picosecond timescales could allow the 
direct observation of these fast photophysical processes. We have recently begun investigating a series of 
polymer:fullerene samples using ultrafast transient absorption spectroscopy (in collaboration with 
colleagues at the Université de Montréal) and the initial results 
(   
Figure 7.2) show that blends of TFB with the multi-adduct bis-PCBM appear to show a rise in the signal 
from the fullerene triplet (720-730 nm) after some hundreds of picoseconds. This interesting observation 
is in agreement with the delayed formation of fullerene excited states, although it is difficult to assign the 
triplet formation mechanism on the basis of this data, since it does not show any increase that could be 
assigned to resonant energy transfer. The continuation of these studies will be invaluable to further 
elucidate the features of the fast processes occurring in the polyfluorene:fullerene system (as well as 
others with relevance to solar cells). 
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Figure 7.2: Transient absorption decay traces for TFB:PCBM and TFB:bis-PCBM, probed in the 
range 720-730 nm (the fullerene triplet). At early times all samples undergo fast decay, but in the 
TFB:bisPCBM blend a slight rise in signal is observable after around 500 ps, a possible signature 
of delayed recombination processes or intersystem crossing. The excitation wavelength was 390 
nm. 
Modelling energy transfer An important aspect of understanding the energy transfer mechanism, and 
predicting whether energy transfer will be efficient, is a detailed theoretical understanding of energy 
transfer rates in polymer:fullerene systems. It has already been established[126] that the point dipole 
approach underpinning basic Förster theory is inadequate for describing processes in systems where the 
Förster radius is larger than the intermolecular separation. Atomistic quantum chemical simulations in a 
variety of systems have calculated the energy transfer rates by considering more fully the coupling 
between states[32, 34]. An important consequence of the full coupling approach in these simulations is 
the fact that dark transitions may mediate energy transfer in addition to those which are optically allowed. 
This may be especially important for fullerenes, due to their high symmetry which results in low energy 
transitions being optically forbidden. An important extension to the work presented in Chapter 4 would 
be to carry out quantum chemical calculations on model oligofluroene:fullerene systems, in order to 
compare the optically measured spectral overlap with the „effective spectral overlap‟ including the effect 
of dark states. The experimental results reported in this chapter indicate that a useful initial set of 
calculations would involve comparing C60 with C70, to estimate the effect of dark states in both fullerenes, 
and thus the extent to which the optical measurements allow conclusions about the spectral overlap to be 
drawn. 
 
Chapter 5 Conclusions and proposals for future work  
Chapter 5 presented a study of charge transfer emission in polyfluorene:silole blends, in particular the 
effect of energy levels and morphology upon the competition between charge separation and radiative CT 
state recombination.  
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Emission from an interfacial charge-transfer state (exciplex) is observed in all the blends. The energy of 
the exciplex emission correlates well with the predicted energy of a charge-transfer state (HOMOD-
LUMOA), and the overall quenching of the polymer photoluminescence increases as the charge transfer 
state energy (related to ΔEcs, defined in Chapter 4) is decreased. The oscillator strength of the exciplex 
emission decreases with the exciplex energy which is reflected in both a lower relative yield of exciplex 
emission and a longer radiative lifetime in the F-silole blends. The blends with the fluorinated silole 
acceptor produce a higher yield of separated charges, and a higher external quantum efficiency than the 
PyPySPyPy blends, and this is consistent with both the more phase segregated morphology, and the 
greater charge transfer character in the interfacial exciplex state.  
Despite the insights provided by the studies reported in Chapter 5, there is much that is unknown about 
the photophysics of polymer:silole blends. Although the low external quantum efficiencies achieved in 
solar cells based on this blend indicate that polyfluorene:silole blends are not likely to be good candidates 
for organic photovoltaics, there is still a great deal of work that could be done to investigate how the 
blend morphology and energy levels control the formation of emissive interfacial states and how this 
relates to charge separation. More generally, emissive charge transfer states in organic blends have been 
established as an important indicator of elementary charge transfer processes, and there is still some 
debate on their role in charge separation. There are several experimental approaches which could be used 
in the polyfluorene:silole blend system to gain further insight into this problem. 
Field-dependent measurements The model of charge separation by direct dissociation of charge 
transfer states has been proposed in several studies as a consequence of the electric-field enhanced 
quenching of interfacial photoluminescence. However, in none of these studies is there an increase in 
charge generation efficiency of comparable magnitude. In polyfluorene:silole films the field-dependence 
of the exciplex emission (if any) could be probed by steady-state, or time-resolved, measurement of the 
exciplex PL. TAS measurement of devices under bias could also help to ascertain whether charges result 
directly from the separation of the emissive exciplex. In future studies it would be instructive to study the 
behaviour of siloles blended with polymers in which the polaron is easier to “see” in transient absorption, 
since the low extinction coefficient found in the polyfluorene polymers studied in Chapter 5 present an 
experimental difficulty in the measurement of any small changes occurring upon the application of an 
electric field. 
Charge transfer character of the exciplex In Chapter 5 we suggest that the charge transfer character of 
the exciplex can account for its emission quantum yield and lifetime, and potentially the probability of 
charge separation, under a mechanism in which the exciplex directly dissociates to form charges. 
Quantum chemical modelling of this system could help to ascertain the validity of this model. For 
example, a study similar to that performed by Huang et al[71] could estimate the nature of the emissive 
states originating from the blends of polyfluorene and silole, including their photoluminescence 
properties, which could then be compared with experiment. 
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Ground state charge transfer interactions In recent years, ground-state charge transfer interactions 
have been identified in a number of polymer:acceptor blend systems (see Chapter 2). The presence of a 
ground state counterpart to the exciplex state could strengthen the assertion that exciplex emission arises 
from a state that is a precursor to separated charges, particularly if a relationship to photocurrent 
generation could be established. This could be carried out by a number of methods: sensitive absorption 
spectroscopy such as photothermal deflection spectroscopy (PDS)[52, 54] could be used to probe the 
sub-bandgap absorption, or sensitive device external quantum efficiency measurements could be carried 
out[53, 55]. External quantum efficiency measurements under bias have been previously shown to contain 
a contribution to the photocurrent from direct CT state excitation (for example in polyfluorene:perylene 
diimide blends[157]), but in the case of polyfluorene:silole blends, bias-dependent EQE measurements 
carried out in Chapter 5 have not revealed such a contribution. Further study in this area using a more 
sensitive EQE detection system would be a useful extension of this work. Such a system has recently 
been developed at Imperial College and studies into the direct excitation of CT states have already been 
begun. 
Temperature dependent studies It is still unclear as to whether charge separation in organic blends 
proceeds from a charge transfer state which is „hot‟, or from one which has thermalised (that is, relaxed to 
its lowest vibronic level). To this end, a productive avenue of study in the case of polyfluorene:silole 
blends would be to investigate the photoluminescence and transient absorption as a function of 
temperature, to investigate whether an increased temperature could change the ratio of exciplex emission 
to charge separation and throw light upon the mechanism of charge separation in these blends. Moreover, 
low-temperature measurement in solution would be an interesting way to probe the charge-transfer 
interactions within the polyfluorene:silole system, since exciplex formation requires the (activated) 
diffusion of two molecules together before exciplex formation can take place. Solution studies could also 
be used to characterise the charge transfer character within different polyfluorene:silole blends; since in 
solvents of differing polarity, the relative stability of the local exciton and charge transfer states will 
change along with the dielectric constant of the medium.  
Chapter 6 Conclusions and future work 
In Chapter 6 the results of a transient spectroscopic study of the behaviour of a silicon-bridged 
indenofluorene polymer were reported. The aim of this study was to identify to what extent the presence 
of excited state loss pathways were responsible for the low device performance observed in photovoltaic 
devices made using this polymer, by comparison with a closely related polymer whose device 
performance was reasonably high. Chemical and quantum chemical experiments revealed that the 
SiIFTBTT polymer had a high ionisation potential (-5.95 eV relative to vacuum) and a triplet energy 
higher than that of the analogous IFTBTT. Upon blending of the polymers with PCBM, the fast 
monoexponential decay phase at 950 nm, assigned to the polymer triplet, decayed more quickly as the 
PCBM concentration increased, with a decrease in lifetime of around 40 % in the carbon-bridged 
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IFTBTT and 85 % in SiIFTBTT. The explanation of this effect on the basis of charge generation by the 
splitting of triplet excitons appeared to be ruled out by the predicted high energy of the charge-transfer 
state and the absence of any difference in charge generation in the presence of oxygen (which quenches 
the triplet state). An alternative explanation is that the acceleration of triplet decay upon PCBM addition 
may result from a Dexter energy transfer process transferring triplet energy to PCBM. However, this may 
also be ruled out by the likelihood that for both polymer:PCBM blends, the polymer triplet is expected to 
be lower in energy than the triplet of PCBM.  
Further work is essential to understand the observations presented in Chapter 6, particularly in identifying 
the reasons for the reduction in triplet lifetime as a function of blend composition and determining the 
relevance (if any) of this process for organic solar cells, given that it is likely to operate on a relatively long 
timescale. In addition to a detailed characterisation of the HOMO level and triplet energy in the 
SiIFTBTT polymer (using a range of triplet sensitisers with higher energy than tetracene), some 
suggestions for future work include a determination of the effiency and rate of triplet transfer in solution 
(as has been measured in polyalkylthiophene:C60 mixtures[158]), and an assessment of the effect of triplet 
transfer in polymer:fullerene blends with a range of polymer triplet energies (if a suitable materials set 
with well-defined triplet energies and triplet-triplet absorption wavelength distinct from that of PCBM 
were found). An understanding of the role of blend morphology in this system would also be invaluable, 
to determine the extent to which the size of polymer and PCBM domains affects the interfacial process of 
polymer triplet quenching. Furthermore, evidence of charge separation from the triplet state may be 
available by studying the effect of an applied magnetic field on charge generation or device performance, 
as demonstrated by Shakya et al in P3HT:PCBM blends[159]. 
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Appendix 1 The secular determinant and 
the solutions for butadiene 
Secular determinant for a general LCAO  
The total wavefunction   is a linear combination of atomic p orbitals    with coefficients    such that 
     
 
   . Linear combinations of atomic orbitals form the basis of quantum chemical calculations. 
          1.i  
`                   1.ii  
Using the Schrödinger equation        
                 1.iii  
                 1.iv  
Multiplying by       
                            1.v  
Multiplying out the coefficients, assuming that the atomic orbital wavefunctions are real, gives a set of i 





                                         
                                         
                                         
                                         
                                         















   
1.vi  
With               and            . In order to obtain a nontrivial solution (i.e.     ), the 
determinant (known as the secular determinant) must be set to zero. 
In Hückel theory, the following assumptions are used to simplify the determinant: (               , 
                 when i is bonded to j and =0 otherwise,                , where        when 
i=j and =1 otherwise). Therefore 
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Finding the coefficients in a LCAO approximation, N=2 
Using the assumptions of Hückel theory, the secular determinant 
 
 
         








         
         





    
    
    
1.x  
`             1.xi  
       1.xii  
Substituting E back into Equation 1.viii,  
 
               
   










    
1.xiii  
           ,           , thefore       for orbital 1  
          ,  thefore        for orbital 2  
Applying the normalisation condition         (that is,    
    ) 
    
    
    
         1.xiv  
 Therefore    
 
  
 1.xv  
    
 
  
          α  β 1.xvi  
    
 
  
          α  β 1.xvii  
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Delocalisation and stabilisation – Hückel molecular orbitals of 
butadiene 
Hückel MO analysis of butadiene demonstrates the lowering of energy provided by alternating double 
and single bonds (conjugation, or delocalisation) 
 
Proceeding as normal, the secular equation to be solved is  
 
 
      
      
      






    
1.xviii  
Multiplying out the determinant gives a quartic equation whose roots can be obtained directly. However, 
we can simplify the problem by constructing a symmetry-adapted basis using a linear combination of the 
carbon 2pz orbitals. Butadiene belongs to the C2h point group. Considering the effect of the symmetry 
operations upon the 2pz orbitals (denoted pi) gives the character of the reducible representations: E=4, 
σh=-4, C2, i=0. Then, we find the reduction coefficients using    
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 4        4      
       
 
 
 4        4      
       
 
 
 4      4     
            
The projection operator     
  
 
            is used on each pi in turn to find the symmetry orbitals from 
the irreducible representations that make up  . Note that the orbitals p1 and p4 produce identical 
symmetry adapted combinations and so only one needs to be considered; likewise for p2 and p3. 
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Therefore  
     ψ    ψ    ψ    ψ  1.xix  
The determinant becomes 
 
 
      
        
        






    
1.xx  
Since Hij and Sij vanish if i and j have different symmetry. The determinant now factorises into two 
determinants which are easily solved. 
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With roots 
 
    
    
 
  1.xxiii  
      .             .    1.xxiv  
The orbitals are shown in Chapter 1 and illustrate the additional stabilisation provided by delocalisation.
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Appendix 2: Time-dependent perturbation 
theory and the Fermi Golden Rule 
In general, time-dependent perturbation theory involves replacing the time-independent Hamiltonian 
operator with a time-dependent Hamiltonian which includes a time-dependent perturbation      , and 
solving the time dependent Schrödinger equation (TDSE). 
            2.i  
      
  
  
 2.ii  
When the time-dependent Hamiltonian acts upon the eigenfunctions  n of the unperturbed Hamiltonian 
H0 (i.e.         ), the system makes transitions between the eigenstates.  
A two level system 
In the case of a two level system making transitions between the states      and      the wavefunction of 
the perturbed system is expressed as a linear combination of these (time dependent) eigenstates with time 
dependent coefficients cn(t). 
                           2.iii  
Substitution of this linear combination into the TDSE yields 
                     
            
               
      2.iv  
    
 
  
                      
2.v  
        
 
  
             
 
  
            
 
  
             
 
  
     
2.vi  
Since the basis functions are eigenstates of H0, that is  
          
 
  
      
2.vii  
          
 
  
       
            
 
  
      
      
2.viii  
    
         
            
 
  
         
 
  
   
2.ix  
To determine the evolution of the total wavefunction with time we require expressions for the rate of 
change of the coefficients cn with time. When the basis functions are expressed in their fully time-
dependent form               , we have 
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Multiplying by   
 and integrating over all space gives 
     
                  
                 
         
       
            
       
 
Which by the orthonormality of the eigenstates of Ho, becomes (using    
     
       ) 
      
               
                        2.x  
The diagonal matrix elements of H1 are zero (they do not contain the unperturbed potential) and we may 
replace the quantity         with    , giving 
   
  
   
            2.xi  
Following the same procedure from IV.12 onwards, but multiplying by   
 , gives us an equivalent 
expression for     
   
  
   
           2.xii  
In the more general case the total wavefunction is expressed as a sum over eigenfunctions of H0 
              ψ   
        2.xiii  
Following the procedure given for the two level system, produces a set of coupled differential equations 
which may be represented in matrix form as  
 
   
   
   





   
    
       . . . .
   
          
 . . . .
. . . .    
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The frequencies obtained as the energy differences between states, are expressed as ωkn where k is the 
label of the eigenstate whose complex conjugate is used in the multiplication at stage IV.12 above.  
Finding the coefficients 
We now return to the two level system for which it is possible to construct exact solutions, depending 
upon the form of the perturbation. For a constant perturbation, where    
  and    
  are constants,  
   
  
   
            2.xv  
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           2.xvi  
We can solve these equations by differentiating one with respect to time and substituting into the other, 
for example 
     
  
   
       
   
  
   
           
2.xvii  
 





     
    
      
2.xviii  
And likewise for c1. This results in a homogeneous second order differential equation which is solved as 
follows 
 





     
    
  
2.xix  
 Let         
    
 (in this case, V is constant)  
              
    2.xx  
This is of the form                        and we may express the general solution as a linear 
combination of two linearly independent solutions (                  ). Using eat as the initial guess 
for f(t) 
                      2.xxi  
We therefore solve the quadratic equation             to find the value of a and hence the full 
solution (a linear combination of the functions obtained from the roots of the quadratic equation) 
 
  




Substituting back into the trial function for    and constructing linear combinations gives 
 
     
   
     
         
    
          
   
2.xxiii  
To determine A and B we assume that at t=0, the system was in state 1, that is, that      and     , 
and so A = -B. We use   
       
 
 and arrive at  
 
     
   
     
   
   
    
   
2.xxiv  
 
     
   
           
2.xxv  
To find A we make use of  
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           2.xxvi  
At t=0  
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 2.xxx  
 
    
   
 
 
   
        
2.xxxi  
Then, using the expression for     
 




    
          
    
        
2.xxxii  
We may use these results to calculate the probability of finding the system in state 1 or 2 by taking the 
square modulus of the coefficient. So, the probability of finding the system in state 2 at a time t is given 
by 2.xxxiii, the Rabi formula 
 
    





        
2.xxxiii  
Harmonic perturbations and the Fermi golden rule 
In spectroscopy, the perturbation of interest is the oscillating electric field of the incident light, and so we 
derive the form of the coefficients in order to predict the transition rates. This approach leads to the so 
called Fermi Golden Rule (though most of the work was actually performed by Dirac[160]). 
A harmonic oscillating perturbation with frequency ω  πν and turned on at t=0 with a spatially 
dependent amplitude      has the form 
                                      2.xxxiv  
Again we make use of 
   
  
      
                        2.xxxv  
   
  
      
                       2.xxxvi  
In this case,      
     
           and vice versa 
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At t=0,     . To find    at a time t, we must integrate from 0 to t 
 
      
      
 
  
   
 
 
                       
2.xxxvii  
In the limit of small perturbations (realistic under experimental conditions), we set         since it 
varies by only a small amount for the duration under which the perturbation is applied2. This gives the 
following expression for the coefficient of the final state 
 
      
      
 
  
             
 
 
        
2.xxxviii 
Solving the integral gives 
 
      
      
 
  
                    
 
 








           
       
 
           
       
  
2.xl  
We simplify this expression by noting that one of the terms will become very large when the denominator 
approaches zero, that is, when    , the energy difference between the states is equal to    ,  where   
is the frequency of the harmonic perturbation. Therefore, the probability of finding the system in the final 
state       
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when        2.xli  
equivalent 
to 
       
 
 
      




     
       
 
       
  
when         2.xlii  
Then, to calculate the transition rate between states i and f, we differentiate    with respect to time.  
      
   
  
 2.xliii  
For the expression given in IV.45, we let              (therefore            ) 
 
     


































                                                     
2 This assumption is employed more generally in Dirac‟s „variation of  constants‟ technique which results in the 
general expression        
 
  
     
            
 
 
 for any first-order perturbation 
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This expression is unrealistic since it suggests that the rate of transition should increase with time. In 
order to arrive at a realistic expression for the transition rate, we must consider that in a spectroscopic 
experiment we are probing a range of states close to one another in energy, and that the transition 
probability is a sum over individual transitions (that is, with different      .  
 
        





     
       
 
       
   
2.xlvi  
 If we assume the states are continuously distributed we may replace the sum with an integral over energy, 
using the density of states 
    
  
          
2.xlvii  
 
   





     
       
 
       
 
    
  
            
2.xlviii  
As above, if we rearrange to take advantage of the fact that        




  , we note that this 
function is close to zero except when    and   are close together. Then we assume that the       
  are 
all very similar, and may be taken outside the integral. We also convert the integral to be over the 
transition frequencies (       ), and assume that the density of states is sufficiently narrow that it 
may be approximated by the value at the centre of the band of relevant states. Finally, we extend the 
integral to infinity (since the integrand decreases rapidly for frequencies away from the centre of the 
band) to obtain a standard solution.  
 
  




        




    




       
2.xlix  
Therefore the transition rate is  
 
     
   
  
 




      
2.l  
This expression is the Fermi golden rule for transition probabilities and has many applications in 
spectroscopy, and in solar cells. We note that the transition probability is linear in time, implying that for 
very long times the transition probability could exceed 1. This is obviously incorrect, and reminds us that 
the Fermi golden rule is only valid for small perturbations that do not significantly deplete the initial state. 
For electronic transitions, the operator coupling the initial and final states represents the dipole of the 
oscillating electric field of the incoming light, and has the form        (where e is the electronic charge 
and r is the displacement vector of that charge from the centre of mass). The Fermi golden rule is 
expressed in terms of the transition dipole matrix element            . If the perturbation is provided 
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by light with an electric vector in the z direction with time dependent field strength     , then       
  is 
given by  
       
                2.li  
                     2.lii  
Therefore,  
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Appendix 3: Chemical oxidation of 
polymers 
The following show the spectroscopic results from the chemical oxidation of TFB, TFMO and PFB by 
tris-4-bromophenyl hexachloroantimonate (TBPHA), and the calculation of the polymer cation extinction 
coefficients.  
Introduction 
TBPHA is a stable aminium salt containing a radical aminium cation with a stabilising counterion. It is 
used in polymer chemistry to initiate radical polymerisation, and in some cases leads to chemical reactions 
such as debromination presence of carboxylic acids. 
In conjugated polymers based on triarylamines it is a useful redox dopant. It has a reduction potential of 
1.4 V vs SHE (corresponding to a HOMO energy of approximately 5.7 eV relative to the vacuum level) 
and so is able to oxidise the polymers studied in this thesis (IP = 5.1 – 5.3 eV). 
Experimental details 
The polymers TFB, TFMO and PFB are dissolved in chlorobenzene to a molar concentration (relative to 
the monomer molecular weight) of 0.04 moldm-3. 2 ml of polymer solution is placed into a 1 cm quartz 
cuvette. TBPHA (Aldrich) is dissolved in acetonitrile to a concentration of 0.4 moldm-3, and this 100 µl of 
this solution is added to the polymer cuvette in 10 µl aliquots, resulting in a maximum of 0.5 moles of 
oxidant per mole of monomer. The solution is agitated to mix the oxidant and polymer solutions. 
Absorption spectra are recorded from 300 – 1100 nm and the absorption coefficient of the polymer 
radical cation at 950nm is calculated from a linear fit of the absorbance to the polaron concentration. The 
polaron concentration is calculated from the concentration of oxidising agent by performing the 
measurement with an 0.04 M solution of spiro-OMeTAD in chlorobenzene and calculating the efficiency 













Calculation of polaron concentration 
Spiro OMeTAD was used to work out the fractional effectiveness of the oxidation reaction, to more 
accurately calculate the polaron concentration in the polymer samples. For spiro-OMeTAD, the polaron 
concentration is calculated using the known extinction coefficient of 18700 Lcm-1mol-1 at 520 nm 
Appendix 3 
 
| 153  
 
Amount oxidant 
added/ul Moles of oxidant OD 
Polaron 
concentration
Moles of polaron 
produced Fraction of oxidant effective
0 0 0 0 0
10 4.15E-09 0.03 1.80E-06 3.61E-09 0.87
20 8.30E-09 0.07 3.53E-06 7.13E-09 0.86
30 1.25E-08 0.09 5.06E-06 1.03E-08 0.83
40 1.66E-08 0.13 6.86E-06 1.40E-08 0.84
50 2.08E-08 0.16 8.66E-06 1.77E-08 0.86
60 2.49E-08 0.19 1.03E-05 2.13E-08 0.86
70 2.91E-08 0.22 1.19E-05 2.45E-08 0.84
80 3.32E-08 0.23 1.26E-05 2.61E-08 0.79
90 3.74E-08 0.26 1.37E-05 2.87E-08 0.77
100 4.15E-08 0.28 1.52E-05 3.20E-08 0.77
The graph of absorbance against concentration becomes nonlinear at high concentrations, indicating 
either a deviation from the Beer-Lambert law or a decreased effective fraction of oxidant. We therefore 
calculate the polymer extinction coefficients at a concentration lower than this. 
After 70 µl oxidant has been added, the oxidation yield decreases by more than 10 %, so this (3x10-8 
moldm-3) is the maximum concentration used in the extinction coefficient calculation.  
Calculation of extinction coefficient 
The polymer cation extinction coefficient is given by the gradient of a linear fit to the optical density of 



























 Linear fit to data
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